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Abstract 
This master thesis is about control of microalgae production in a photobioreactor. It is a part of 
the Copepod egg Mass production in Aquaculture (COMA) project, where the goal is to produce 
100 million copepod eggs per day in an automated facility. Experiments was conducted to see if 
the photobioreactor is a good facility for culturing the microalgae as feed for the copepod Acatia 
tonsa using parameters such as growth rate, harvest, light, pigment content, fatty acid content and 
nutritional content in the culture medium. Furthermore two semi-automatic controller types was 
implemented on the photobioreactor for determining which is best suited for controlling 
microalgae production. The controller types was a Standard Dilution control, using an applied 
dilution strategy and a Proportional Integral control. The photobioreactor is located in Taarstrup, 
Denmark owned by AKVAgroup. The results indicated that the photobioreactor investigated is an 
acceptable facility for cultivating the microalgae Rhodomonas salina for the purpose of producing 
live feed for copepods. The results indicated furthermore that the Standard Dilution Control 
system is preferred at this time, but the potential of using a Proportional Integral Control system 
is acknowledge. Further investigations on this is recommended. 
Abstrakt 
Dette kandidat speciale handler om regulering af mikroalge produktion i en photobioreactor. 
Det er en del af Copepod egg Mass production in Aquaculture (Copepod æg Masse produktion i 
Akvakultur) (COMA) projectet, hvor målet er at producere 100 millioner copepode æg daglig i et 
automatiseret anlæg. Der er blevet udført eksperimenter for at finde ud af om photobioreactoren 
er et godt anlæg for kultivering af mikroalgen Rhodomonas salina til brug som foder til copepoden 
A. tonsa ved hjælp af parametrene vækst rate, høst, lys, pigment indhold, fedt syre indhold og 
næringssalte indhold i det omgivende vand. Derudover blev to regulerings typer implementeret på 
photobioreactoren for at bestemme den bedste regulerings type til regulering af mikroalge 
produktion. Regulerings typerne var en Fortyndings Regulering der brugte en anvednt fortynding 
strategi og Proportionel Integral Regulering. Photobioreactoren står i Taarstrup, Danmark og er 
ejet af AKVAroup. Resultaterne indikerede at photobioreaktoren er et acceptabelt anlæg for 
kultivering af mikroalgen Rhodomonas salina med det formål at producere levende foder til 
copepoder. Ydermere indikerede resultaterne at Standard Fortyndings Reguleringen er at 
foretrække i skrivende stund, men at der er potentiale i at bruge Proportionel Integral 
Reguleringen, videre undersøgelser herom er anbefalet. 
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This thesis was conducted partly at AKVAgroup and partly at Roskilde University. The thesis 
falls under the Department of Environmental, Social and Spatial Change and the Department of 
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and Computer Science respectively. It is an integrated experimental thesis which span from 
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The majority of the experiments and all of the programming presented in this report was 
conducted at, and in corporation with, AKVAgroup in Taastrup, Denmark. This thesis documents 
the experiments conducted with the photobioreactor culturing Rhodomonas salina and the design 
and implementation of the control systems. 
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1. Background 
Increasing world population, hunger and malnourishment in developing countries and 
widespread non-sustainable food production are some of the challenges the food production sector 
have to address to secure the health of future generations. In a The State of World Fisheries and 
Aquaculture (SOFIA) report  from 2014, the Food and Agriculture Organization of the United 
Nations (FAO) looks at aquaculture for answers (FAO 2014). Aquaculture is the farming of 
aquatic organisms in both coastal and inland areas and any actions made involving the rearing 
process for enhancing production (FAO 2014). According to the report, increased global fish 
production by aquaculture is deemed to address hunger and protect the natural resources because 
of the nutritional value of fish and the sustainable nature of aquaculture. Alas, the cultivation of 
many marine fish species is challenged because some species are unable to breed when cultivated 
and because of inadequate feed for the earliest feeding stages of marine fish larvae (Jepsen 2014).  
To produce nutrient-rich fish, their diet must be based on high-quality feed and the need for a 
strategy to culture such food items is in high demand. Rotifers and Artemia have been widely used 
as live feed for fish larvae, but they need enrichment to meet the nutritional requirements of many 
cultured fish species and are often a limiting factor for success in fish hatcheries (Ajiboye et al. 
2011). Copepods are a natural feed for fish larvae and they have the size and swimming behaviour 
suitable for many cultured fish larvae. Furthermore, the biochemical profile of copepods is 
beneficial when used as live feed (Engell-Sørensen et al. 2004). Copepod eggs are easily 
transportable and can be stored for up to one year in cold storage. They can be exported all over 
the world where they can hatch and be used as live feed for hatchlings (Drillet et al. 2006). When 
culturing copepods, microalgae is used as feed.  In a study by Zhang et al. 2013  the microalgae 
Rhodomonas salina  is found to induce egg production rate and hatching success for the copepod 
A. tonsa when used as feed (Zhang et al. 2013).  
The COMA project (Copepod egg Mass production in Aquaculture) approaches challenged of 
cultivating marine fish by aiming at developing an automated facility to produce more than 100 
million copepod eggs daily (AgroTech 2015). 
An automatic facility implies the need of designing an autonomous cultivation facility. 
Automation is an important part of improving any production and in regard to enhance fish 
production from the lowest level, the microalgae production should be automated.  
Control systems are generally used for automatization of facilities which demand continuous 
maintenance, often to save time and cost of labour. Additionally, automatization often cause an 
optimisation of the system procedure, because the procedure is carried out faster and more 
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accurately (Dorf & Bishop, 2014). The purpose of a control system is to control some process in 
order for the process to produce a desired responds. A temperature regulation system is an example 
of a control system. The temperature regulation could be aiming at maintaining a constant room 
temperature. Imagining that the room has a heater by which the room temperature can be 
controlled. The temperature may change due to daily fluctuations outside and people walking in 
and out of the room. Any such temperature changes not caused by the heater is considered a 
disturbance. 
In this thesis two approaches for fulfilling the aim of the COMA project is considered; a 
proposal for cultivating microalgae in a photobioreactor (PBR) and a solution for automating the 
facility by implementing control systems. The focus of this thesis will thus be on automatisation 
of R. salina production in a suitable facility. The subjects, microalgae cultivation and control 
systems, are both elaborated in the following sections.  
1.1. Microalgae Cultivation 
The aim of this chapter is to give an understanding of microalgae cultivation, how microalgae 
are cultured and how to achieve optimal conditions for growth.  
1.1.1. Microalgae 
Microalgae is a term for all microscopic algae, it is not related to taxonomy but denotes a 
diverse group of aquatic unicellular photosynthetic microorganisms. Marine microalgae contribute 
to approximately 50 percent of the planets photosynthesis and oxygen production (Matsunaga & 
Hideki 2005). Microalgae are primary producers and responsible for feeding several consumers in 
the aquatic environment both directly and indirectly. Directly by being prey for fish larvae and 
molluscs and indirectly by enriching the feed for organisms in higher trophic levels (Pulz & Gross 
2004; Falkowski 2012). The kingdom Chromista includes all algae which contains chlorophyll a 
and c and whose chloroplasts is surrounded by four membranes. The phylum Cryptophyta 
comprises the unicellular cryptomonad flagellates. Cryptophytes are the only group of organisms 
having the combination of chlorophyll a, chlorophyll c, carotenoid alloxathin and one 
phycobiliprotien, either phycoerythrin or phycocyanin (Doust et al. 2006). The phycobiliprotein, 
gives members of the phylum various colours from species to species. The cell of a cryptophyte 
is asymmetrical and is equipped with two unequal flagella, see Figure 1. Cryptophytes are found 
in marine and freshwater (Matsunaga & Hideki 2005).  
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The species Rhodomonas sp (Karsten) is distinguished by having just one large parietal 
chromatophore (C on Figure 1) showing very diverse pigmentation, commonly some shade of 
brown  (Fritsch 1977; John et al. 2002). Rhodomonas baltica and Rhodomonas reticulate is found 
to be effective feed for inducing egg production rates and hatching success for the copepod A. 
tonsa. Zhang et al. (2013) found that A. tonsa lay 21.9 eggs per female per day and showed a 
hatching rate of 86.1 % when fed with R. baltica. This was the highest egg production and hatching 
success found in the study where tree microalgae species and a diatom species were compared; 
two cryptophytes, one chlorophyta and a bacillariohyta, the last two typically used for animal 
nutrition and fuel production respectively. The species R. salina is an equivalent species to R. 
baltica, and no distinction is made between the two in this thesis. 
A. tonsa is able to consume R. salina in all life stages, A. tonsa feeds on particles from 5 to 10 
µm or larger and the average R. salina cell size is 6.9 µm (Berggreen et al. 1988; Riisgård et al. 
2011). The nutritional content of the cryptphyceae R. baltica and R. reticulate compared with the 
two other microalgae is listed in Table 1 (Zhang et al. 2013). 
 
Nutritional content Cryptophyceae Isochrysis galbana Tetraselmis suecica 
SFA (% total fatty acid) 14.4 – 22.6 30.3 21.7 – 24.7 
MUFA (% total fatty acid) 6 – 11 11.3 12.9 – 16.5 
PUFA (% total fatty acid) 75.2 – 65.8 33 – 56.4 27.2 – 52.5 
EPA (mg g-1 dry weight) 2 – 4.4 0.9 4.3 – 4.8 
DHA (mg g-1 dry weight) 12 – 18 15.8 0.1 – 0.2 
 
It is seen that the two cryptophytes is rich in polyunsaturated fatty acids and have a generally 
high content of all nutrients and proteins. Vu et al. (2015) found that the total fatty acid content 
(TFA) was higher when the microalgae R. salina was in nutrient deficiency (34.5 ± 22.5 pg cell−1) 
 
Figure 1 Sketch of a typical Rhodomonas baltica (Karsten) cell c; chromatophore. Modified from (Fritsch 1977). 
Table 1 Nutritional content for the cryptophyte Rhodomonas salina, Isochrysis gamlbana and Tetraselmis suecica.  
(Zhang et al. 2013) (SFA: Saturated fatty acids; MUFA: Monounsaturated fatty acids; PUFA: Polyunsaturated fatty 
acids; EPA; Eicosapentaenoic acid DHA: Docosahexaenoic acid). 
Background 
13 
than in nutrient excess (11.4 ± 4.2 pg cell−1). The two essential fatty acids DHA and  EPA shown 
in Table 1 is important to bring further up the food chain in hatcheries, because copepods need 
them for egg production and fish larvae need them through their diet to become healthy food items 
for humans (Rasdi & Qin 2014). The ratio between DHA and EPA is often used as a parameter 
for any food item to see if the ratio matches with the consumer. Cultivating R. salina as feed for 
copepods requires optimal conditions for the microalgae to grow and produce fatty acids. 
1.1.2. Conditions for Growth  
To maintain optimal growth conditions feasible within a system, pollution by other organisms 
must be avoided and abiotic factors such as irradiance, temperature and pH disturbances, oxygen 
accumulation and nutrient depletion must be monitored (Lavens & Sorgeloos 1996). 
Several biotic and abiotic factors affect the growth of microalgae. Liebig’s Law of the 
Minimum states that any biological process is limited by the factor which is in least amount, 
relative to the requirements (Krebs 2009). When facilitating optimal growth conditions the 
identification of the limiting factor is important. Some of the main factors influencing microalgae 
cell growth is described in the following; irradiance, temperature, pH, oxygen level and nutrient 
availability. Both when absent and in excess light can inhibit growth. When absent, the 
photosynthetic rate is zero and because respiration is a process independent of light, the net 
assimilation rate is negative (see Figure 2), as irradiance increases the photosynthetic rate 
increases. At the light compensation point, the point where photosynthesis equals respiration, the 
net assimilation rate is zero. When photosynthesis surpass the respiration the net assimilation rate 
increases and the microalgae can grow. 
  
 
 
Figure 2 Change in net assimilation rate and photosynthetic rate at different light intensities (Forbes & Watson 1992). 
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The light saturation point is reached when the photosynthetic rate no longer grows with light 
intensity. If the light intensity continues to grow beyond the light saturation point, the light can 
have an adverse effect on the photosynthetic rate. The D1 protein located at the reaction centre of 
photosystem II can be damaged resulting in reduced photosynthetic rate, making the cell photo 
inhibited (Raven et al. 2005; Taiz & Zeiger 2010). The immediate goal is to cultivate microalgae 
at the light saturation point, where photosynthesis and net assimilation rate is highest. The light 
intensity which the microalgae cells are exposed to is a combination of the ambient light intensity 
on the cultivation facility, the loss of light through the material of the cultivation facility and finally 
the cell concentration of the microalgae. 
The content of chlorophyll and phycoerythrin in the microalgae is a measure of the microalgae 
ability to photosynthesize, measuring a low content of pigments indicates poor culture conditions 
(Halim et al. 2010). Below is presented pigment content findings from Chaloub et al. (2015) and 
Vu et al. (2015). 
 
 
 
However, it is evident that these values depends on the light level and nutrient availability. 
Chlorophyll A and C usually decrease with increasing irradiance but cryptophytes tend to use 
phycobiliproteins as protection against high irradiance, thus when cryptophytes are exposed to 
high irradiance their content of phycobiliproteins are expected to increase (Vu et al. 2015; Hu & 
Richmond 2013). 
Many of the photosynthetic processes are driven by enzymatic activity, which are temperature 
dependent. When plotting photosynthetic rate against temperature the curve is typically bell-
shaped. The first section of the curve is ascending and is the result of the enzyme driven processes. 
The curve saturates at the point called the Optimal Temperature Response, and descends at 
temperatures higher than this point. The photosynthesis is dependent on several electron transfer 
mechanism and these become unstable at high temperatures (Taiz & Zeiger 2010). The optimal 
temperature can be expressed in a range, representing in the top of the bell-shaped curve. 
A similar correlation can be described between pH and growth, the pH of seawater, can change 
the carbon dioxide species composition and carbon availability. When the microalgae remove 
carbon dioxide from water during photosynthesis the pH increases, thus shifting the carbon 
dioxide species composition by increasing the carbonate concentration and decreasing the 
Table 2 Pigment content findings in Chaloub et al. (2015) and Vu et al. (2015) in Rhodomonas salina. 
Pigment (pg cell-1) Reference 
Phycoerythrin 1 – 11.1 (Chaloub et al. 2015; Vu et al. 2015) 
Chlorophyll A 6.7 (Vu et al. 2015) 
Chlorophyll C 0.4 (Vu et al. 2015) 
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bicarbonate and molecular carbon dioxide concentration and in turn, reducing the photosynthesis 
(Chen & Durbin 1994). 
A by-product of photosynthesis is oxygen, and because oxygen is substituting carbon dioxide 
in the Calvin Cycle resulting in a wasteful process called photorespiration, accumulated oxygen 
may reduce photosynthetic activity (Raven et al. 2005). 
Like all living organisms, microalgae need nutrients to maintain life. In general nutrients for 
photoautotrophic organisms are nitrogen and phosphor, which is found in the form of nitrate, 
ammonium and phosphate (Rasmussen 2005). The essential nutrient nitrogen is found in amino 
acids, nucleic acids, and chlorophylls and is essential to all living organism. Nitrogen is taken up 
by microalgae in the form of ammonium (NH4+), nitrite (NO2-) and nitrate (NO3-). Phosphate 
(PO43-) is also an essential nutrient, it occurs the DNA and RNA in all living cells, in energy 
transfer systems and it is present in cell membranes (Canfield et al. 2005). Thus, the culture 
medium nutrient content, is important for photosynthesis and growth of microalgae, without 
nutrients the microalgae cannot store the organic material copepods need for egg production (Vu 
et al. 2015). 
Vu et al. (2015) found R. salina to have high productivity, growth and fatty acids content when 
cultured in irradiance between 60 and 100 µmole photos m-2 s-1 and with nutrients in excess. R. 
salina is not temperature sensitive, but the best combinations of the before mentioned irradiance 
follows temperatures above 15 °C (Hammer et al. 2002). A pH around 7 to 9 is considered optimal 
for microalgae growth (Lavens & Sorgeloos 1996). 
1.1.3. Growth phases 
Microalgae growth dynamics is described by five phases, a lag phase, an exponential phase, a 
declining phase, a stationary phase and finally, a death phase. The consequences of the five phases 
are schematized on Figure 3. 
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The lag phase is characterized by slow growth in the beginning of the cultivation period. The 
growth can be reduced because energy in the microalgae is used for adapting to new temperatures, 
irradiance or even medium composition. In the exponential phase the microalgae have abated to 
the new environment and cell concentration is increasing exponentially with time. In general, the 
growth is described by the following logarithmic function. 
 
 C(t) = C(0) ∗ eµ∗t (1) 
 
Where C(t) is the cell concentration at time t and C(0) is the initial cell concentration, µ is the 
specific growth rate in cells per unit time, which dependents on the microalgae species and 
cultivation conditions. The specific growth rate between any two points can be calculated by the 
following equation (Santos-Ballardo et al. 2015). 
 
 µ =
Ln(C(t2)) − Ln(C(t1))
t2 − t1
 (2) 
 
Where C(t1) and C(t2) are the cell concentrations at time t1 and t2, which are two time values. 
The system cannot sustain infinite exponential growth. When cell concentration is approaching 
the carrying capacity of the system, growth is decreasing and the declining phase is reached. The 
growth rate decreases until the culture is in balance with the limiting factor and the culture enters 
the stationary phase, where the cell concentration is constant. The death phase is where the cells 
in the culture dies because the system is exhausted and loaded with accumulated by-products from 
photosynthesis. The exhaustion and accumulation is addressed by adding fertilizer to the system 
and dilute the culture with fresh seawater periodically. Nutrient depletion, oxygen accumulation, 
Figure 3 The five growth phases described for microalgae (Lavens & Sorgeloos 1996). 
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pH disturbance and contamination are some of the possible components which can accelerate cell 
death in the death phase (Lavens & Sorgeloos 1996). 
After the declining phase the nutritional value of the microalgae is reduced because of poor 
conditions. To ensure high production of high-quality microalgae, the culture is maintained in the 
exponential growth phase (Lavens & Sorgeloos 1996). When diluting the culture the surplus 
volume is denoted the harvest. For keeping a sustainable production it is crucial to harvest a 
sustainable number of cells over time lest depleting the production output. 
1.1.4. Absorbance 
Absorbance is a measure of the amount of light absorbed by a sample at a given wavelength. 
According to Lambert-Beer’s law the absorbance of a liquid is linearly related to the concentration 
of the substance in the liquid, often saturating at very high concentrations. This is often true for 
molecules, but regarding cell concentration of microalgae, the absorbance for a sample is the 
summed measure of both cell concentration, cell size and the pigment content of the cells. Since 
these are varying parameters, spectrophotometric measurements of living cells have a build-in 
uncertainty. Cryptophytes often inhabit aquatic environments where the quantity of light is 
reduced and the water absorption limits the availability of light in the red spectrum, approximately 
ranging from 600 to 780 nm, see the dash-dotted line on Figure 4. 
 
 
 
As many photoautotrophic species living in semi-deep water, cryptophytes compensate for the 
lost light in the upper half of the visible spectrum, using phycobiliprotiens phycoerythrin (PE) or 
Figure 4 Absorption spectrum for chlorophyll a and carotenoid (PS I), phycoerythrin (PE545), phycocyanin (PC645) 
and water (Doust et al. 2006). 
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phycocyanin as the primary light-harvesting antenna. This helps the cryptophyte to capture 
photons across a wide range of wavelengths. R. salina contains PE, which absorbs light in the blue 
and green area of the visible light spectrum and as a result, the microalgae appears red. The 
absorption spectrum for PE ranges from 450 to 640 nm (Doust et al. 2006), overlapping where the 
absorption of chlorophyll A and water is low, see Figure 4.  
1.1.5. Cultivation Facility 
Aquatic culturing facilities are often grouped according to how autonomous the system is. 
Three categories are recognized; extensive, semi-extensive and intensive systems. Extensive 
systems requires the lowest level of attention, they closely imitates nature, as they are located in 
natural environments. Control of culture conditions such as temperature, nutrients and pH is very 
limited (Engell-Sørensen et al. 2004). Extensive systems can be located in estuaries, lakes, or open 
waters, depending on the environmental preferences of the culture organism(s). Extensive systems 
are part of a natural ecosystem with all of the associated biotic and abiotic components. The culture 
system depends on the ecosystem to keep water quality and the majority of the feed for the target 
organism(s) in the system.  
The food web of an extensive system has several energy sources as solar radiation, stranded 
organic debris, and plankton. The systems has several primary producers, consumers and 
decomposers, see Figure 5. Similar to natural ecosystems the system is self-supporting, due to the 
cycling of nutrients and energy.  
 
Food Web 
 
 
Figure 5 An example of a natural food web close to the ones seen in extensive systems (Falkowski 2012). 
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The growth of the culture organism(s) is less controllable and closely related to the specific 
growth seen in nature. Most aquaculture production in the world derives from extensive systems, 
examples are cultivation of crayfish and bass in ponds and marine mussels on longlines in open 
waters. The constructing and running cost is low because the need for expensive control systems 
is eliminated. The system follows the seasonal and daily fluctuations of irradiance, pH and 
temperature, but the major drawback of extensive cultivation systems is the high risk of 
contamination which can have an adverse effect on productivity and growth (Lucas 2011). 
Contamination reduces the purity of the product and in practises where the product needs to be 
clean, in pharmaceuticals or cosmetics (Pulz & Gross 2004) this is a poor culture system. 
Intensive systems often facilitate monocultures in a highly controlled environment. The water 
used in intensive systems are reused by some recirculating procedure, making the system 
independent of its ambient environment. Having a monoculture, intensive systems have a simple 
food chain consisting only of the culture organism and the feed supply. The feed used is usually 
specialized for the organism keeping the feed conversion ratio high and the energy loss small. The 
system is not self-supporting since neither the nutrients or energy is recycled. 
Intensive systems require high levels of control with regard to feed, nutrient, aeration, filtration, 
pumping, and temperature regulation. The cost of constructing and running an intensive system is 
high (Lucas 2011) but the systems is distinguished by their high yields per unit area of volume 
compared to natural yields. Shrimp are cultured in intensive pond systems, salmon and seabass in 
cages, eels in tanks, and microalgae are often cultured photobioreactors, closed facilities exposing 
the organisms to as much light as possible. 
A semi-intensive system is a merge between extensive and intensive systems. Growth in semi-
intensive systems depends on natural productivity but is facilitated by aeration, fertilizers and 
supplemental feeds. Outdoor ponds where the water is renewed periodically is a typical semi-
intensive system. Carps and catfish are cultured in semi-intensive ponds. Culture conditions in 
semi-intensive and intensive systems are controllable, and productivity can be secured regardless 
of the geographical location, time of the day and season. The shared disadvantages in semi-
intensive and intensive systems is the accumulation of chemical products from the organism’s 
metabolic processes, which is prevented by renewing the water occasionally, and the heat 
generation from heat-producing mechanics, which is addressed using cooling systems (Stickney 
2009). 
In this context R. salina is used as feed for copepods. As feed, the product needs to be free 
from contaminants and other microorganisms. Furthermore, extremophile microalgae which 
thrive in environments with extreme temperatures or salinities, can profitably be cultured in open 
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systems, since the pollution by other organisms is unlikely (Matsunaga & Hideki 2005). The 
converse is true for microalgae such as R. salina, thriving in moderate conditions. Here, closed 
systems are used for minimizing the risk of pollution (Hemaiswarya et al. 2011; Pulz & Gross 
2004).  
Consequently R. salina is cultured in a closed intensive system where culture conditions such 
as temperature, nutrient supply, irradiance level and harvest rate is highly monitored; a tubular 
photobioreactor (PBR). In a closed system such as a PBR, monitoring the before-mentioned 
parameters is tedious and repetitious, involving manual calculation and decision-making and often 
physically monotonous routine work, which is just the right argument for implementing a control 
system on a facility such as this.  
1.2. Control Systems 
This chapter covers the basis of control systems used in this study, and introduces the 
Proportional Integral Derivative (PID) controller.  
1.2.1. Open and Closed Loop Systems 
A control system is a computer driven system which takes an input and takes some actions 
affecting some process, which in turn produces some output.  
A representation of a general control system can be seen on Figure 6. Every block in the figure 
represents a component containing some internal logic that can be described mathematically. The 
mathematical functions are called the transfer functions.  
 
 
 
Relating the terms from the figure to the temperature regulation example, the desired output 
response, or the set point, is the desired room temperature. The block labelled “Controller” 
contains the logic of the control system. It decides if the heater is to be turned up or down for 
maintaining the desired room temperature. The “Actuator” block is the acting agent on the process, 
in this case the heater. The actuator is responding to the controller output and directly influencing 
the process. The actuator output is referred to as the manipulating variable, which have a specific 
range according to the type of actuator used. The range is known as the manipulating range 
Figure 6 Open loop system from (Dorf & Bishop 2014). 
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(Schleicher & Blasinger 2003). The “Process” block responds to the manipulating variable 
according to the dynamics of temperature changes inside the room over time, resulting in the 
output, which is the true temperature inside the room.  
When designing a control system it is essential to consider if the control system should be 
manual or automatic, if the control loop should be open or closed and finally, determining the 
linearity of the system.  
For manually controlling the room temperature, the heater must simply be adjusted by an 
operator, who adjusts the heater according to where the convection of the heater theoretically 
would heat up the room to the desired temperature and count on the heater to keep said 
temperature. This is an example of a manual open-loop control system. Due to disturbances this 
control system may not reach the goal of constant temperature in the room. The disadvantage of a 
manual system is that the task is often tedious and expensive in salary. The operator must make 
up for the disturbances by measuring the room temperature regularly and use this as feedback for 
adjusting the heater, this is a manual closed-loop control system. 
Replacing the operator with a thermostat which automatically changes the adjustment on the 
heater according to the room temperature will save the expenses. This is an example of an 
automatic closed-loop control system, where the control is carried out without direct human 
interference. An automatic control system is applied to a process to reduce the level of interference 
from humans thus increasing the level of automation. In many industrial processes automatic 
control is used for maintaining process parameters at a certain level (Schleicher & Blasinger 2003). 
In large-scale productions automatic control helps save money on salary, save time and optimise 
the process. In everyday life automatic control is used by convenience to avoid manual work. 
Whether or not feed-back is used to correct the controller output is an important distinction 
between control systems. An open-loop control system controls the process with no feedback, 
Figure 6 is an example of an open-loop control system. Since the process output is not measured, 
it has no influence on the control action. An open-loop control system is running without any self-
correction regardless of the final output. If the system experiences any disturbances that influences 
the system in a way that the desired task cannot be completed, an open-loop system have no way 
of correcting the disturbance (Storey 2009).  Open-loop systems can be used for systems where 
the input is binary, two inputs could for example be “ON” and “OFF”. This type of system suits 
slow processes and where changes happens slowly (Storey 2009). 
An open-loop control system can be changed to a closed-loop control system by manually 
correcting for any disturbances. A simple approach if having an operator to check the system with 
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some time interval, if the output is expected to deviate from the set point, the operator will interfere 
and monitor the system in a way which keeps the system on track despite the predicted disturbance. 
An automatic closed-loop control system uses a sensor for measuring the measurement output 
or the process variable and sends the measurement back to be compared with the set point. The 
difference between the set point and the process variable is denoted the error. An example of a 
general closed-loop control system can be seen on Figure 7.   
 
 
 
The error is used to calculate the controller output which is used by the actuator as described 
for the closed-loop system. 
System Stability 
Sensors for reading the output introduces noise and inaccuracies to the system, furthermore, 
the risk of instability is increased with the use of sensors. A closed-loop system can become 
unstable if the correction for some reason increase the error (Dorf & Bishop 2014). In general, a 
stable system decreases the error with time whereas a neutral system have a constant error over 
time. The system is unstable if the error increases with time, see Figure 8.  
 
Stable System Neutral System Unstable System 
   
 
5
10
15
20
25
0 1 2 3 4 5 6 7 8 9 10
|E
rr
o
r|
Time
2
4
6
8
10
12
0 1 2 3 4 5 6 7 8 9 10
|E
rr
o
r|
Time
2
4
6
8
10
12
0 1 2 3 4 5 6 7 8 9 10
|E
rr
o
r|
Time
Figure 7 Closed loop control system from (Dorf & Bishop 2014).  
Figure 8 Examples of outcomes for a stable, a neutral and an unstable system. Inspired from Dorf & Bishop (2014). 
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Regardless of the cost of feedback, advantages of feedback may surpass them. The advantage 
of the closed-loop system is a reduced steady-state error resulting from parameter changes and 
calibration errors, additionally the feedback allows the system to act on unexpected situations 
(Dorf & Bishop 2014). In contrast to open-loop systems, closed-loop systems are fitting for fast 
processes where the reaction time on disturbances is short. 
Linearity 
The way the process output depends on different input determines if the system is linear or 
non-linear. A system that has properties of additivity and homogeneity is considered linear. The 
principle of additivity and homogeneity can be explained by considering two inputs x1(t) and x2(t) 
and the transfer function f(x). 
If the system is following the principle of additivity, the following will be true for any two 
inputs; 
 
 f(x1 + x2) = f(x1) + f(x2)  (3) 
 
If the system is homogeneous, the following will be true for any input and constant k:  
 
 f(k ∗ x1) = k ∗ f(x1) (4) 
 
Consequently for any input, the output in a linear system can be predicted by the rules of 
additivity or homogeneity by a linear model.  
1.2.2. Proportional Integral Control 
When describing a control system, the step response is often used. The step response is the 
system response to different errors with the particular controller implemented, it is often shown 
by a graphical representation of the error over time, and the corresponding controller outputs. The 
graphical step response will be used in this section.  
A Proportional Integral Derivative controller (PID controller) consist of three control 
components; a proportional control component (P) based in the current error, an integral control 
component (I) based on the integral of previous errors, and a derivative control component (D) 
that calculates how fast the error changes over time.  The transfer function for a PID controller is 
defined as follows. 
 
 
 Output(t) = Kp ∗ e(t) + KI ∫ e(t) ∗ dt + KD ∗
d
dt
∗ e(t) (5) 
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Where KP, KI and KD is the controller gains which determines the extent of how much the 
output is affected by the related component and e(t) is the current error which by convention 
calculated by the following equation: 
 
 𝑒(𝑡) = 𝑆𝑒𝑡𝑝𝑜𝑖𝑛𝑡 − 𝐼𝑛𝑝𝑢𝑡(𝑡) (6) 
 
Where e(t) is the error at a given time t, Setpoint is the given set point for the system and Input(t) 
is the given input for time t. 
The PID controller can be reduced to a P controller, by 
setting the gains KI and KD to zero. 
A proportional controller computes an output which is 
directly proportional to the error, the output changes to the 
same extent as the error, but the error is amplified by the 
value of the KP gain. The P-only controller is represented 
mathematically by the equation below 
 
 Output(t) = Kp ∗ e(t) (7) 
 
The output is only affected by the error at the current time. 
The proportional component is used to kick the process up 
close to the set point. With a P-only controller the process 
value will settle near the set point, the gap between the set 
point at the process value is called the offset. The offset 
occurs because of the mathematical logic of the P controller, 
if the error is zero the output becomes zero and the process 
is not controlled. Without control the process variable will 
evidently steer away from the set point. The step response for 
the proportional controller is described by large output when 
large errors occurs and small outputs when small errors 
occurs (Schleicher & Blasinger 2003) as visualised in  Figure 
9.  The integral component, I, is calculating the accumulated 
error, the aim of the integral component is to eliminate the 
offset from the proportional part and account for any constant 
disturbances. The step response for an I-only controller is presented in Figure 9. The I component 
Error 
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Figure 9 Responses of P, I and D 
controllers to different errors over 
time.  
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is typically used in combination with the proportional term, summing the two terms to calculate 
the output, as shown below.  
 Output(t) = Kp ∗ e(t) + KI ∫ e(t) ∗ dt (8) 
 
The derivative term is used for determining future errors 
by calculating how fast the error changes with time. The step 
response for the D component alone is shown in Figure 9. 
The derivative term is used in combination with the 
proportional and integral term by summing the terms as with 
the PI controller and, as mentioned, is denoted a PID 
controller, see equation (3). The step responses for a P, PI 
and a PID controller is visualised in Figure 10.  
The PID controller minimise the overshoot by making the 
controller react before the set point is exceeded. The step 
response for the derivative term can be seen on   D.  
 
 
 
The PID controller combines the properties of the three 
terms as seen in equation (5). See Figure 11 for a 
representation of the PID controller. 
The overshoot is a measure of how much the process 
value overshoots the set point, the maximum percentage 
overshoot is often used for comparing between different cases. The maximum percentage 
overshoot is calculated as follows. 
 
Error 
 
Proportional Output 
 
Proportional Integral Output 
 
Proportional Integral Derivate 
 
Figure 10  Responses of P, PI and PID 
controllers to different errors over 
time. 
Figure 11 PID controller scheme, e is the error and UC denotes the 
controller output  (Johnson & Moradi 2005). 
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 % 𝑂𝑆 =
𝑃𝑉𝑚𝑎𝑥 − 𝑆𝑃
𝑆𝑃
∗ 100 (9) 
 
Where PVmax is the maximum recorded process variable and SP is the set point. The overshoot 
can be used to calibrate controller gains and in general for evaluating the controller performance 
on a given system. In general, a higher overshoot calls for changing the solution of the control 
system. 
1.2.3. Programmable Logic Control 
In industrial context, technical equipment can be exposed to conditions not suitable for any 
personal computer. Programmable Logic Controllers (PLCs) are more protected and is thus 
designed for rough conditions such as very high or very low temperatures, moist and dust.  
PLCs are digital computers used for systems where maintenance is important and where 
changes to the system are expected to occur. PLCs are used in industrial processes and machines 
including industries such as manufacturing, food, hospital and agriculture.  
PLCs are programmed using PCs with associated application software. The software can 
provide functions for debugging and troubleshooting the PLC software and the PLC program can 
be up- and downloaded for backup purposes. The in- and output facilities between hardware and 
software are well developed by the international standard IEC 61131-3, which is a guideline for 
PLC programmers, aiming at developing an assessable environment for all PLC programmers 
(John & Tiegelkamp 2001). The programming environment used in this thesis is called PC 
WORX. It is the software program used by the company Phoenix Contact, which have provided 
AKVA group with the in- and output modules in the PLC. PC WORX complies with the IEC 
61131-3 standard and makes the interaction between hardware and software by a PLC. PC WORX 
facilitates the connection between the program, the PLC in and outputs to control any hardware 
connected to the PLC.  
A program in PC WORX can consist of three main components called Program Organization 
Units (POUs); a program, Functions and Function Blocks. A Program is where the main program 
is, including assignment to I/O, global variables and access paths. A Function block is a block 
with input and output variables and a Function is used for operations which extend from the basic 
PLC operation set, a Function can have several input parameters, but only one output; the function 
value (John & Tiegelkamp 2001).  
The control types implemented in this thesis is used for automatic control of the microalgae 
culture in a PBR by regulating the dilution rate of the culture. The aim of this thesis is to find the 
best control type and to examine if a PBR is a good facility for culturing microalgae, used for live 
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feed to copepods. The two most interesting parameters in regard to biomass production is the 
product quality and product quantity, that is, the condition of the microalgae and the harvest rate. 
These parameters are the focus of this report.  
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2. Method 
In this chapter methods used in this thesis is described. The methods include a detailed 
description of all experiments and a description of the programs written during the thesis period. 
2.1. Experiments Descriptions 
This section contains a description of the PBR, the correlation experiment, the light model and 
the control experiments. 
2.1.1. The Photobioreactor 
The indoor tubular PBR used in this thesis consists of 36 horizontal layers of acrylic tubes 
going in an oval spiral around the light source which is six LED rails. The tubes are connected in 
each corner with 36 bindings of moulded silicon Figure 12 for a sketch of the PBR. The PBR is 3 
meters in length, 0.5 meters in width and 3 meters in height. The PBR is divided in two sections; 
a light-exposed tubular section and a dark tank section. 
The light exposed section consist of the transparent tubes where LED lights are constantly 
emitting light to the microalgae culture. The dark section is a tank next to the tubes, the microalgae 
are circulated from the tank to the tubes and back to the tank by an airlift at 50 L O2 per hour 
placed in the bottom of the PBR. When the microalgae are poured from the tubes to the tank, a 
mechanical degasification is carried out, from the large surface area of the tank, any eventual 
accumulated oxygen can escape the water phase.  
 
Figure 12 Photobioreactor sketch, the tank to the left with the outlet hose and tube layers to the right. The LED light 
source is not visible on this sketch. 
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The total capacity of the PBR is approximately 500 L as there is approximately 200 litres in 
the tank and 300 litres in the tubes. The PBR is covered with reflecting fire blankets to optimise 
the irradiance level from the LED lights. Harvest and inlet of water for dilution occurs from and 
to the tank. A pump is leading 1 um filtered artificial seawater into the tank through a hose in top 
of the tank. From the first experiment with semi-automat control an outlet hose was installed on 
the side of the tank. This ensured that when the water level rose inside the tank, culture water flew 
out though the outlet hose placed at the 200 litres mark on the tank. 
Nutrients availability is regulated by adding essential nutrients to the microalgae culture 
according to Guillard & Ryther (2007). The nutrients are poured into the tank when fertilizing the 
microalgae, this is always done after all sample extractions are taken from the outflow in top of 
the PBR. 
The pH of the culture is measured by a pH-meter (Oxyguard) throughout the first experiment 
the pH was noted every day, for the other experiments, the pH was measured by an intern system 
eight times per day. The PBR is located in a room where the temperature is held constantly at 17 
C by an air conditioner.  
Absorbance Measurements 
The absorbance measurements was conducted with a spectrophotometer (Spectronic 401, by 
Milton Roy) at wavelength 550, 665 and 750 (5 replicates) and on a transmission-meter called 
Algae Sensor, designed by Kim Kofoed Nielsen working at AKVA group (5 replicates).  
Cleaning Procedure 
After several months of trail-and-error the team working with the PBR in this thesis 
recommends cleaning PBR by filling it with 500 litres of demineralised water mixed with 4 
kilograms of sodium hydroxide (NaOH, 0.8 kilograms per 100 litre) the alkaline solution must 
linger for some time in the PBR for removing the remains of dead cells in the tubes, the experience 
for this setup is 3 days. When the alkaline solution has been flushed out thoroughly with 
demineralized water, all limestone is removed using 6 litres of acetic acid solution (CH3COOH 32 
%, 1.2 litres per 100 litre). The acetic solution requires only a few hours for removing all limestone 
in the PBR. After a second thorough cleaning with demineralised water, the PBR is cleaned. The 
seawater used in the experiments have salinities from 25 to 35. 
Nutrient Addition 
The microalgae were fertilized once per day with f2 medium (Guillard & Ryther 1963) 
throughout the experiment. The medium consist of 1 mL NaNO3 stock solution, 1 mL NaH2PO4 
stock solution, 1 mL Trace Metal stock solution and 0.5 mL vitamin stock solution for each litre 
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of culture medium, the volume of nutrients added was adjusted to the current PBR volume. For a 
detailed recipe, see Appendix I – Culture Medium. 
Inorganic Nutrients 
Samples for measuring the inorganic nutrient content was extracted by filtering approximately 
150 millilitres trough Whatman glass fibre filters (25 mm diameter GF/C) and storing the filtrate 
in vials in the freezer (-20 °C) for later analysing. The inorganic nutrient content was measured 
using Palintest® for Ammonia (PHOT.4.AUTO), Nitrite (PHOT.24.AUTO) and Phosphate 
(PHOT.28.AUTO). The tests are based on colour reactions and is quantified by a Photometer 
(Palintest Multiparameter Photometer 7100). 
Pigment Extraction 
Pigment samples was collected by running a known volume (corresponding to 1 million cells) 
of the microalgae though 10 Whatman glass fiber filters (25 mm diameter GF/C) and storing the 
filters in vials in the freezer (-20 °C) for later analysis.  
For extraction of Phycoerythrin the Whatman filters were freeze dried for 24 hours, then filters 
were transferred to glass vials and 3 millilitres of phosphate buffer (1.0 M pH 7, 0.05 M K2HPO4, 
0.05 KH2PO4) was added.  The samples was sonicated for 15 minutes and left refrigerated for 12 
hours. The extract was transferred to cuvettes with a syringe filter for measuring the Phycoerythrin 
on the spectrophotometer. Phycoerythrin is measured by measuring the absorbance of the 
extraction at three wavelengths; 564 nm, 455 nm and 592 nm. The content of Phycoerythrin 
(mg/mL) is determined by the following equation. 
 Phycoerythrin (
mg
mL
) = |(Abs564 − Abs592) − (Abs455 − Abs592) ∗ 0.2| ∗ 0.12 (10) 
For extraction of Chlorophyll A and C, the Whatman filters were freeze dried for 24 hours and 
placed in glass vials were 3 millilitres of acetone (90 %) were added. The samples were mixed in 
a whirlimixer and left for extraction in dark for 24 hours at 5 C. The samples were transferred to 
cuvettes with a syringe filter for analysing in the spectrophotometer. 
The content of chlorophyll A and C is measured by measuring the samples at two wavelengths; 
630 nm and 664, the content is calculated as follows. 
 Chlorophyll A (
mg
L
) = 11.43 ∗ (Abs664) − 0.4 ∗ (Abs630) (11) 
 
 Chlorophyll C (
mg
L
) = 24.36 ∗ (Abs630) − 3.3(Abs664)  (12) 
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Fatty Acids 
Fatty acid samples was collected by running a known volume (corresponding to 1 million cells) 
of the microalgae though 10 Whatman glass fiber filters (25 mm diameter GF/C) and storing the 
filters in vials in the freezer (-80 °C) for later analysis.  
The fatty acid measurements was done by Laboratory Technician Anna La Cour, with GC-MS 
analysis, which goes beyond the scope of this thesis. 
2.1.2. Correlation Experiment 
In the correlation experiment the relationships between cell concentration and absorbance at 
three wavelengths; 550 nm, 665 nm and 750 nm were examined. 
Algae were grown in six round bottomed flask at 20 C with a light level spanning from 86-
107 µmole m-2 s-1. The microalgae volume was 1 litre, the microalgae were fertilized according to 
the f2 medium described in (Guillard & Ryther 1963).  
 
 
The microalgae cultures derived from the same dilution of a microalgae stock solution and 
seawater to ensure that the initial cell concentration was as equal as possible, see Figure 13. The 
cell concentration and absorbance were measured every day for 10 days. 
During the No Control and Manual Control experiments the correlations was recalibrated by 
taking a sample from the PBR and measuring the cell concentration on a coulter counter. The 
measured cell concentration was compared with the calculated cell concentration for each 
correlation to decide which one to use. 
2.1.3. Light Model 
Light is extremely important for growth in photoautotrophic microorganisms as microalgae, 
that is why the irradiance level is important to monitor when cultivating microalgae. Because of 
reflection and refraction the irradiance transmitted to the microalgae culture is not exactly the 
Figure 13 Experimental set up for the correlation experiment. 
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same as experienced by the microalgae cells. This is why light behaviour is modelled to predict 
the true irradiance inside the microalgae culture. 
The light model used in this study is developed by Associate Professor Søren Laurentius 
Nielsen from Roskilde University working at Environmental, Social and Spatial Change 
(ENSPAC). The model is used for determining when the microalgae will become photoinhibited. 
It aims to predict the mean irradiance experienced by the microalgae depending on the cell 
concentration in a PBR. The light model is used in this thesis for examining when the cell 
concentration is optimal regarding irradiance. 
The model uses the tube radius and the total areal of a cross section of the tubes. For calculating 
the mean irradiance reaching the microalgae inside the tubes, the theoretical irradiance is 
calculated for 9 points within a given tube (see Figure 14, the arrow indicates the source of light). 
 
First, the loss of light through the material is determined by measuring the light with a probe 
inside the tube and outside, and calculating the percentage loss. Then, the weighted light travel 
distance is determined by summing the distance from the periphery nearest the light source to each 
point on the figure (A, B1-B4 and C1-C4) each multiplied by a weighted value calculated from 
the areal of the cross section. From this, the average light intensity inside the tubes as a function 
of cell concentration can be calculated using the following equation. 
 
 I̅ = Iambient ∗ e
−(CC∗3.6∗10−7∗d) (13) 
 
Where Ī is the average light intensity the microalgae cells are exposed to, Iambient is the estimated 
light penetrating the material including tank and bindings, CC is the cell concentration and d is 
the weighted light travel distance. The ambient light environment is measured using a Spherical 
Quantum Sensor (LI-COR), where the light is measured inside and outside the PBR. The light is 
Figure 14 Cross section of a tube, the arrow indicates the location of the light source. 
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measured in a matrix, four times lengthwise and five times crosswise both between the tubes and 
outside the PBR (3 replicates) see the x’s on Figure 15.  
 
The measurements were carried out under “worst case” conditions, that is, no ambient light in 
the room except for the LED light source meant for the microalgae culture and no reflecting fire 
blankets covering the PBR. The average light measured is used in equation (13) as Iambient. 
Irradiance and temperature measurements from inside the PBR was retrieved when all 
experiments was finished, the irradiance from inside the PBR was measured using an onset 
HOBO® Pendant Temperature/Light logger. Both irradiance and temperature data was retrieved 
by the docking station HOBO® Onset Pendant Coupler and the program Onset HOBOware® Pro 
version 3.1.2. The HOBO® Pendant Temperature/Light logger is a small unit, which have been 
floating with the current inside the PBR since the first experiment. 
Residence Time  
The residence time can be used to estimate how much time a microalgae cell spend in different 
parts of the PBR, this is useful when evaluating if the microalgae is in a dark zone of the PBR for 
too long. When calculating the residence time, the flow rate is usually determined first. The flow 
rate for the PBR in this thesis was determined by measuring the time and volume of water to leave 
from the tubes into the PBR tank. The flow rate (F) was calculated by dividing the average volume 
by the measured time.  
 
 F =
V
T
 (14) 
 
The residence time () express the average amount of time that a cell or particle spends in a 
giving area of a system. It is defined as the system capacity divided by the flow rate through the 
Figure 15 Scheme showing the measurements points when calculating the mean irradiance for the photobioreactor. A 
measurement was made for every “x” on the figure.  
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system. The residence time in the tank, where light is limited, is estimated by the tank volume 
divided by the flow rate as seen blow. 
 
 tank =
Vtank
F
 (15) 
   
2.1.4. Experiments 
The following section describes the experiments conducted on the PBR. The experiments 
tested different control types on the system. The absorbance at wavelength 550 was used as 
controller input for all controller types. 
No Control  
The experiment without controlling the microalgae concentration in the PBR span from 7th of 
October to the 26th of October 2015. The aim was to see how the culture developed when the 
microalgae were not diluted at any point. It was expected to see the microalgae culture go through 
all 5 growth phases.   
The experiment was initiated by filling the PBR with 370 L of seawater and adding 98.5 L 
microalgae stock giving a total volume of 468.5 L in the PBR. Nutrients was immediately added. 
The PBR was left to settle for 2.5 hours before measuring the parameters. The absorption (5 
replicates) and pH was measured every day (no replicates).  The experiment was terminated by 
emptying the PBR and cleaning it according to the cleaning procedure. This experiment was 
terminated because the colour of the microalgae culture turned from dark red to light-green 
Manual Control 
In the Manual Control experiment the cell concentration was controlled manually. The 
experiment span from 7th of September to the 28th of September 2015. The aim was to see how the 
culture developed when manual control was used to regulate the cell concentration, the set point 
in this experiment was 1.5 million cell per millilitre. All dilutions were done by filling the correct 
volume of microalgae culture into buckets and pouring them into the drain. The volume was 
regained by refilling the PBR tank with seawater with a hose. The first dilution was done after the 
first cell concentration measurement exceeded the set point. The volume to be renewed was 
calculated from the growth rate calculated with equation (2). By multiplying the growth rate with 
the total volume of microalgae culture in the PBR, the volume of microalgae culture to be renewed 
was determined; 
 
 Vdilution = µ ∗ Vtotal (16) 
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Where µ is the growth rate in day-1, Vdilution is the volume which should be renewed in the PBR 
in litre per day and Vtotal is the total volume of the PBR in litre. The manual dilution was done 
once a day. 
The experiment was initiated by filling the PBR with 344 L of seawater and adding 75.5 L 
microalgae stock, giving a total volume of 419.5 L. Nutrients was immediately added to the PBR. 
The first four days there were a low content of trace metal because of lack of the stock solution. 
The PBR was left to settle for 2.5 hours before measuring the parameters and thus, beginning the 
experiment.  
The absorbance was measured every day (5 replicates), transmittance was also measured from 
the eighth day. Absorbance and transmittance was measured once before dilution and once an hour 
after dilution. 
Samples for determining phycoerythrin chlorophyll A and C content of the microalgae were 
taken every day during the exponential growth phase and three times a week during the stationary 
phase (5 replicates).   
Samples for measuring the inorganic nutrient content in the medium was taken once a day 
during the exponential phase and three times a week in the stationary phase (5 replicates).  
Samples for fatty acids were taken for five days during the exponential phase (5 replicates) 
three of them are presented in this thesis. The experiment was terminated by emptying the PBR 
and cleaning it according to the cleaning procedure. This experiment was terminated because the 
colour of the microalgae culture turned from dark red to greenish-black. 
Standard Dilution Control 
In the Standard Dilution Control experiment the cell concentration dilution was handled by a 
control system. The experiment occurred from 4th of November to 14th of November 2015. 
The aim of the experiment was to see how the microalgae culture handled a semi-automatic 
dilution strategy similar to the Manual Control experiment. The dilution volume was calculated at 
presented in the Manual Control experiment, but whit a different set point of 1 million cells per 
millilitre. The dilution was carried out by connecting the Standard Dilution Control system 
through a PLC to a peristatic pump which added a given amount of seawater to the PBR. At this 
point the PBR tank was installed with the before-mentioned outlet hose placed at the 200 L mark, 
where excessing culture water could flow out of the tank. The Standard Dilution Control system 
controlled the pump so that the dilution volume was added over time, instead of once as in the 
Manual Control experiment. 
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The experiment was initiated by filling the PBR with 449 litres seawater and 50 litres 
microalgae stock, giving the PBR a total volume of 499 litres. Nutrients was added immediately 
and the PBR was left to settle for 2.5 hours before measuring the parameters and thus, beginning 
the experiment.  
The absorbance was measured every day (5 replicates), transmittance was also measured from 
the eighth day. Absorbance and transmittance was measured once per day. pH values was recorded 
in an intern system 8 times per day. 
The experiment was deliberately terminated, there were no colour change observed in this 
experiment.  
Proportional Integral Control 
In this experiment a Proportional Integral Control was used for diluting the microalgae culture. 
The aim of the experiment was to see how the microalgae culture handled a semi-automatic 
dilution strategy different to the Manual Control experiment. The dilution volume was calculated 
by a Proportional Integral controller. As a consequence, the difference between the current cell 
concentration and the set point plus the previous differences is taken into account when the dilution 
volume is calculated. The set point in this experiment was 1 million cells per millilitre. The 
Proportional Integral Control was tested from the 25th of November to the 5th of December. The 
control gains, KP, KI and KD, was 1, 0.05 and 0 respectively.  
The experiment was initiated by filling the PBR with 350 litres seawater and 160 litres 
microalgae culture, giving the PBR a total volume of 510 litres. Nutrients was added immediately 
and the PBR was left to settle for 2.5 hours before measuring the parameters and thus, beginning 
the experiment.   
The absorbance was measured every day (5 replicates), transmittance was also measured from 
the eighth day. Absorbance and transmittance was measured once per day. pH values was recorded 
in an intern system 5 times per day. Samples for pigment analysis and inorganic nutrients was 
taken for three of the days (5 replicates). The experiment was terminated because of time restrains. 
There were no colour change observed in this experiment.  
2.2. Program Descriptions 
The purpose of the control systems in this thesis is to control the microalgae cell concentration 
in the PBR by diluting the microalgae culture using a peristaltic pump (Grundfos), connected to 
the control program via a PLC from Phoenix Contact. 
The peristaltic pumps used in this thesis takes an input in the type WORD, the input range from 
30,000 to 0 where 30,000 corresponds to a pump rate of 150 litres per hour and 0 corresponds to 
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0 litres per hour. The control systems are written in the associated environment, PC WORX 
version 6.30.1202. All programs have an IEC standard Program called Main which is executed 
once every cycle. The cycle interval is set in milliseconds. The cycle interval was 1.8 106 
milliseconds for both control systems, corresponding to 30 minutes which is the highest time 
interval PC WORX allows. 
Before designing a control system, the system must be defined by determining a number of 
parameters; the control goal, the variable to be control, the specifications of the variable and 
preliminary system configuration. 
The control goal is a definition of the controlling purpose of the system, as described the control 
goal in this thesis is to control the microalgae cell concentration, and maintaining it constant. 
The variable to be controlled is an explanation of the variable which is to be monitored and 
controlled by the system, in this case, the cell concentration of R. salina. 
The specification of the variable is a set of rules for the variable to be controlled, which is to 
be obeyed at all times in the system. Specifications for the cell concentration is that it should not 
dilute the microalgae to an extent where growth rate decreases, depleting the culture and thus 
loosing biomass production. 
The preliminary system configuration is a description of the system characterisation. The 
control systems designed in this thesis are both semi-automatic closed-loop systems which takes 
the absorbance of the microalgae as input. Figure 16 presents a flow chart for the control systems. 
Both control system uses the absorbance to estimate the cell concentration, see equation (17) in 
the Results chapter and they both control a peristaltic pump for keeping the cell concentration 
constant, there is assumed a linear relationship between the control output and the pump input. 
The estimated cell concentration is processed differently for the two control systems and thus the 
dilution strategy differs, the two control systems do not use any linearity between the cell 
concentration and dilution volume. PC WORX facilitates the communication between the 
peristaltic pump and the control systems. In PC WORX the connection is secured by assigning the 
exact address to the module where the pump is connected to a variable, the pump output variable, 
in the program code. The pump output variable is called Q_0_2_CH_1_I_4_20_MA in the code 
of both of the control systems. 
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The control systems are considered semi-automatic because the absorbance reading is done 
manually, the absorbance is measured and the result is manually written into the program. In a 
future fully automated control system the absorbance reading will be done automatically, with a 
sensor emerged in the microalgae culture feeding the control system with absorbance 
measurements at reasonable time intervals. The two control systems is described in the following 
sections.  
2.2.1. Standard Dilution Control 
The Standard Dilution Control is designed to match the dilution strategy used currently on the 
PBR at Roskilde University, therefore named Standard Dilution Control (SD Control). 
The recorded growth rate is used directly to calculate the dilution rate, assuming the growth 
rate do not change, the cell concentration should be kept constant using this method. This is a 
semi-automated version of the method used for the manual control. 
The input to the controller is the current absorbance at 550 nm which is converted to the cell 
concentration equation (17) which is the equation for the linear regression line found in the 
correlation experiment. Using the previously measured cell concentration the transfer function is 
simply the equation for growth rate (2), see Figure 17. The growth rate (µ) is then converted to a 
dilution rate which is a detailed description is found below.  
 
→ Absorbance → Control System
↓
PLC
↓
← Pump Output ← Pump
Figure 16 Photobioreactor sketch with a conceptual flow chart representing the dilution process. 
Process 
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The SD Control consist of a Program called Main. The Main is initializing three Function 
Blocks; Test_DataPlotting, Regression and Dilution. See the program code below 
to see the entire main program for this version. The Main Program have information about the 
set point and the tank volume, this is hard-coded into two variables setpoint and 
tankVolume, both of type REAL, it also keeps track of the time with a variable nowINT of type 
INT which tracks the number of cycles that have occurred. The manual input variable inputOD 
of type REAL is also set here, this variable is change during runtime to the latest measurement. 
The three Function Blocks are executed in a determined sequence for every cycle. 
  
Figure 17 Modified from Dorf & Bishop (2014). The growth rate equation have replaced the controller from Figure 7 
to represent the transfer function used for calculating the dilution rate in the SD Control. 
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Main 
 (* Setpoint in Abs550 *) 
 setpoint := 0.04;  
         
 (* L *) 
 tankVolume := 500.0;       
  
 (* mili seconds since program start in TIME *) 
 now := ADD_T_T(now, T#1s); 
  
 (* seconds since program start in DINT *)  
 nowDINT := (TIME_TO_DINT(now)) / timediv;  
 
 (* seconds since program start in INT *) 
 nowINT := DINT_TO_INT(nowDINT); 
 
 (* Function block for logging inputs manually *) 
 Test_DataPlotting_Main(nowINT := nowINT, inputOD := inputOD); 
 dataArray := Test_DataPlotting_Main.plotArray; 
 timeArray := Test_DataPlotting_Main.timeArray; 
 
 (* Fuction block for calculating growth rate 
 for the last two measurements *) 
 Regression_Main(dataArray := dataArray, timeArray := timeArray, 
nowINT := nowINT); 
 growthRate := Regression_Main.growthRate; 
 
 (* Function block for controlling the pump flowrate *) 
 Dilution_Main(delay := delay, growthRate := growthRate, 
 tankVolume := tankVolume, dataArray := dataArray, nowINT :=  
 nowINT); 
 pump_outputMa := Dilution_Main.outputmA; 
 
 
First the Test_DataPlotting is executed this Function Block takes nowINT and 
inputOD as input from Main. In each cycle the input data is converted from absorbance to cell 
concentration and placed in an Array plotArray, see the code snippet below. 
 
Test_DataPlotting 
 (* Function block for logging abs inputs manually *) 
  
 IF inputOD >= 0.00436 THEN 
   calcCC := 4.265 * 10.0 **6.0 * inputOD - 1.858 * 10.0 **4.0;     
 (* "**" means raised to the power of .. *) 
   ELSE 
  
  (* Force correlation through 0.0 in the low concentrations *) 
   calcCC := 4.265 * 10.0 **6.0 * inputOD; 
 END_IF; 
 
 (* Update every time step *) 
 plotArray[nowINT] := calcCC; 
 timeArray[nowINT] := INT_TO_REAL(nowINT); 
 
The Function Block tests if the absorbance value is below the critical value for the conversion 
function; 0.00436. The equation for the linear regression line found in the correlation experiment 
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is used if the absorbance value is higher than the critical value. If the absorbance value is lower 
than the critical values the linear function is forced to intercept with the y-axis at 0.0 and the cell 
concentration is calculated using this equation. The calculated cell concentration calcCC of type 
REAL is placed in the array containing all the previous cell concentration data at the slot 
corresponding to the cycle number. Then the function block Regression is instantiated, this 
Function Block takes the arrays dataArray and timeArray and nowINT as input from Main, 
and uses this data to calculate growth rate.  
 
Regression 
 (* Fuction block for calculating growth rate  for the last two  
 measurements *) 
  
 (* If this is NOT the first measurement... *)  
 IF prevINT > 0 THEN 
  
  (* If the recorded data is not zero... *) 
    IF dataArray[nowINT] <> 0.0 THEN 
   
 (* If the previously recorded data is not zero... *) 
    IF dataArray[prevINT] <> 0.0 THEN 
  
 (* If time increase... *) 
    IF nowINT > prevINT THEN 
  
 (* If the data input has changed *) 
     IF ( dataArray[nowINT] <> dataArray[prevINT] ) THEN  
  
 (* ... The growth rate can be calculated  *) 
      growth := Ln(dataArray[nowINT])- 
          Ln(dataArray[prevINT]); 
      timeRate := timeArray[nowINT] –  
      timeArray[prevINT]; 
       
      IF timeRate <> 0.0 THEN 
        growthRate := growth / timeRate; 
      END_IF; 
     END_IF; 
    END_IF; 
   END_IF; 
  END_IF; 
  prevINT := nowINT; 
 ELSE 
 
 (* If this is the first measurment, do not calculate growth  
 rate but set previous measurment anyway *) 
 prevINT := nowINT; 
 END_IF; 
 
The variable growthRate of type REAL is the output of this Function Block. Lastly the 
Dilution Function Block is executed, the Function Block tests if the current measured cell 
concentration is higher than 1 million cells/mL, and if this is the case, a flag is set, and the inlet 
per unit time is calculated.   
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Dilution 
 (* Function block for controlling the flowrate of the pump *) 
  
 timeBetweenMeasurements := 24.0; 
  
 (* CC should be higher than 1 mio cells/mL before run *) 
 IF dataArray[nowINT] >= 1000000.0 OR flag THEN 
 flag := true;  
  
  (* Volume of the water to be renewed *) 
 inletTotal := growthRate * tankVolume; 
 
 (* Inlet volume per hour *) 
 inlet := inletTotal / timeBetweenMeasurements; 
 
 (* The pumprate to achive the inlet volume per time unit *) 
 IF inlet >= 0.0 THEN 
  IF inlet = 0.0 THEN 
   pumprate := 0.0; 
  ELSE 
   pumprate := (30000.0) / (150.0 / inlet); 
  END_IF; 
 END_IF; 
 
 IF inlet < 0.0 THEN 
  pumprate := 0.0; 
 END_IF; 
 END_IF; 
 
 (* Pump for inlet*) 
 (* The pumprate must be cast to the type WORD *) 
 Q_0_2_CH_1_I_4_20_MA := REAL_TO_WORD(pumpRate); 
 
 
The pump rate is calculated by finding the ratio between 150 and the calculated inlet volume 
per hour and divide this with 30,000, this is assuming that the input range and the pump rate have 
a linear relationship. Then the pump rate is cast to the type WORD and then assigned to the pump 
output variable, Q_0_2_CH_1_I_4_20_MA. 
2.2.2. Proportional Integral Control 
The Proportional Integral Control (PI Control) written in this thesis is designed to fit the control 
system from the theory of same name. The dilution rate is calculated by a PI controller, using the 
difference between the current cell concentration and the set point. 
The before-mentioned gains, Kp and Ki was tuned in this thesis using a PI Control model written 
in Excel 2013. The model assumes the growth rate found in the exponential phase in the No 
Control experiment presented in the Results chapter, of 0.5 day-1. The model simulates a number 
of time steps in the PI Control logic, by calculating the cell concentration according to growth rate 
and the previous expected dilution. See a snapshot of the excel sheet in Appendix II – Excel Model. 
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The model shows the predicted cell concentration development throughout the time steps with 
the giving gain settings. The control gains were adjusted with inspiration from the Ziegler-Nichols 
method where Ki and Kd is set equal to zero, and the Kp is when adjusted to where the oscillations 
are constant (Schleicher & Blasinger 2003) see Figure 18. 
 
 
 
This Kp value is called the critical proportional band, Ku and the oscillation time, Tu, is the time 
between oscillations. These parameters are used for determining the Kp and Ki. Roughly the 
proportional gain, Kp, is calculated by dividing the critical proportional band with 2.0 and the Ki 
is calculated by multiplying the oscillation time with 0.85. The predicted gain by the Ziegler-
Nichols method is shown below. 
 
Control Values 
Critical proportional band (Ku) 2.4 
Oscillation time (Tu) 2 
Proportional gain (Kp) 1.2 
Integral gain (Ki) 1.7 
 
These values are only used in this thesis as a guideline, and the exact calculations was not used 
in the programming. The values was adjusted to fit the model predictions, see Figure 19.  
Figure 18 Predicted cell concentration development according to the model for Kp = Ku = 2.4 and Ki = 0.0. 
Table 3 Predicted gains using the Ziegler-Nichols method with measured critical proportional band and oscillation. 
time. 
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This is an important part of designing a PI controller, since this affects the output directly. In 
the PI control written in this thesis, the controller output is a measure of the cell concentration 
missing from the culture medium, taking the Proportional and Integral component into account. 
This constitute the transfer function, see Figure 20. A detailed program description is presented 
below. 
 
 
 
As the SD Control, the PI Control consist of a Program called Main, which initialise three 
Function Blocks; Test_DataPlotting, ComputeOutput and Dilution. The Main 
program can be seen below.   
  
Figure 19 Predicted cell concentration development according to the model for Kp = 1 and Ki = 0.05. 
Figure 20 Modified from Dorf & Bishop (2014). The growth rate equation have replaced the controller from Figure 7 
to represent the transfer function used for calculating the dilution rate in the PI Control. 
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Main 
 (* L *) 
 tankVolume := 500.0; 
 nowINT := nowINT + 1; 
  
 (* Function block for logging inputs abs manually *) 
 Test_DataPlotting_Main(nowINT := nowINT, inputOD := inputOD); 
 dataArray := Test_DataPlotting_Main.plotArray; 
 timeArray := Test_DataPlotting_Main.timeArray; 
  
 processValue := dataArray[nowINT]; 
 Csetpoint := 1000000.0; 
 
 (*Function block for calculating controller output*) 
 ComputeOutput_Main(setpoint := Csetpoint,nowINT:= nowINT,  
 processValue := processValue, dataArray := dataArray); 
 output := ComputeOutput_Main.Output; 
 
 ((* Function block for controlling the pump flowrate *) 
 Dilution_Main(delay := delay, growthRate := growthRate, 
 tankVolume := tankVolume, dataArray := dataArray, 
 nowINT := nowINT, output := output, setpoint := Csetpoint); 
 pump_outputMa := Dilution_Main.outputmA; 
 
The Main have information of the total PBR volume which is hard-coded into the variable 
tankVolume and keeps track of the number of steps the program has run for. The set point is, 
like the PBR volume hard-coded into the variable Csetpoint and is in cells per millilitre. 
The Test_DataPlotting is identical to the Function Block of same name in the Standard 
Dilution Control program. The Function Block to be executed next, is the ComputeOutput, the 
code in this Function Block can be seen below. 
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ComputeOutput 
 (*Function block for calculating controller output*) 
  
 * Setting Kp, Ki and Kd *) 
 Kp := 1.000; 
 Ki := 0.050; 
 Kd := 0.000; 
  
 (* measurement once every day *) 
 timeConst := 1.0;  
 
 Kp := Kp; 
 Ki := Ki * timeConst; 
 Kd := Kd / timeConst; 
 
 processValue := dataArray[nowINT]; 
 
 error := (setpoint - processValue); 
 errorInt := errorInt + error; 
 errorDeriv := (processValue / lastProcessValue); 
 
 Output := Kp * error + Ki * errorInt - Kd * errorDeriv; 
 
 lastProcessValue := processValue; 
 lastError := error; 
 prevNow := nowINT; 
 
The ComputeOutput Function Block calculates the error according to the Proportional 
component stored in the variable error and the Integral component, stored in the variable 
errorInt. The Integral component is computed as the accumulated error. This is acknowledge 
if the integral error is viewed as the error below the curve of the error calculated for every time 
step and added. As seen from line 6, 13 and 19, there have been done preparations for 
implementing the Derivative component. An eventual Derivative component can be calculated in 
the program as the rate of which the error changes. The output stored in the variable Output is 
calculated according to the PI (and possible PID) equation.  
Since the output dependents on the error and the sum of all previous errors, the output changes 
with the development of the error. If the calculated cell concentration is constant and below the 
set point, the output will decrease. Conversely, if the cell concentration is constant and above the 
set point, the output will increase. The output is handled in the Function Block called Dilution, 
the code can be seen blow. 
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Dilution 
 (* Function block for controlling the flowrate of the pump *) 
  
 timeBetweenMeasurements := 24.0; 
  
 inletTotal := ((setpoint - output) * tankVolume) / setpoint; 
 inlet := inletTotal / timeBetweenMeasurements; 
  
 (* The pumprate to achive the inlet volume per time unit *) 
 IF inlet >= 0.0 THEN 
  IF inlet = 0.0 THEN 
   pumprate := 0.0; 
  ELSE 
   pumprate := (30000.0) / (150.0 / inlet); 
  END_IF; 
 END_IF; 
 
 IF inlet < 0.0 THEN 
  pumprate := 0.0; 
 END_IF; 
 
 (* Pump for inlet The pumprate must be cast to the type WORD *) 
 Q_0_2_CH_1_I_4_20_MA := REAL_TO_WORD(pumpRate); 
 
The function block Dilution uses the output to calculate the dilution rate. The dilution rate 
is calculated by finding the total volume to be added to the PBR for the cell concentration to reach 
the set point. The value inletTotal is the total volume to be added to the PBR over the 
following 24 hours. 
In line 5 in the code snippet above, the output is subtracted from the set point, this is done to 
calculate the surplus cell concentration according to the PI control. The inletTotal is 
calculated by finding how much the surplus cell concentration deviates from the set point, this is 
multiplied by the tank volume to apply the cell concentration on the specific PBR. The inlet 
variable is the volume of seawater needed to be applied every hour, it is simply calculated by 
dividing inletTotal with 24. The pump rate is calculated as described above and cast to the 
type WORD and then assigned to the pump output variable, Q_0_2_CH_1_I_4_20_MA. 
Results 
48 
3. Results 
This chapter presents the results obtained from the experiments conducted in this thesis, the 
comparative analysis between the experiment data and a presentation of the calculations used for 
assessing the copepod microalgae demand.  
3.1. Experiments 
The results from the individual experiments are presented in this section, including the 
correlation experiment, the theoretical results from the light model and the control experiments. 
Confidence intervals are computed in Excel 2013. 
3.1.1. Correlation Experiment 
In this thesis the microalgae cell concentration is estimated by measuring the absorbance of the 
microalgae. The cell concentration is calculated using the correlation between absorbance and cell 
concentration found in this thesis.  The correlation regression lines are presented in Figure 21. 
 
Cell concentration as a function of absorbance 
550 nm 665 nm 
  
750 nm  
 
 
Figure 21 Mean cell concentration (million cells per mL) 
of Rhodomonas salina as a function of mean absorbance 
at three wavelengths; 550 nm; 665 nm; 750 nm. With 
linear trendlines and 95 % confidence intervals (n = 5). 
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None of the cell concentration or absorbance data is normally distributed (Shapiro-Wilk, p-
value ≤ 0.0004), thus the non-parametric Spearman’s rank test is used to assess if there is a 
correlation between the cell concentration and absorbance for the three wavelengths.  A strong 
significant positive correlation between cell concentration and absorbance for all three 
wavelengths was found (Spearman Correlation ≥ 0.965) the cell concentration increased 
significantly with absorbance for all wavelengths. Using an Ordinary Least Square test, the 
parameters of the linear regression was found for each correlation. The resulting functions are 
presented below. 
 
 CC = 4.265 ∗ 106 ∗ Abs550 − 1.858 ∗ 10
4 (pb < 0.001, pa = 0.800, R
2 = 0.912, n = 60) (17) 
 CC = 4.898 ∗ 106 ∗ Abs665 − 4.239 ∗ 10
4 (pb < 0.001, pa = 0.501, R
2 = 0.936, n = 60) (18) 
 CC = 7.019 ∗ 106 ∗ Abs750 + 3.944 ∗ 10
4 (pb < 0.0001, pa = 0.716, R
2 = 0.811, n = 60) (19) 
 
Where CC is the cell concentration in cells per millilitre and Absx is the absorbance at 
wavelength x, the R2 is the measure of the goodness-of-fit of the linear regression, pb is the p-value 
for the slope and pa is the p-value for the y-axis intercept and n is the sample size.  
None of the cell concentration data or the absorbance for the three wavelengths were normally 
distributed (Shapiro-Wilk Test, p < 0.05). Transformation of the data could not make the data 
normally distributed, thus no test were run to see if the correlations were significantly different. 
The two samples measured on the coulter counter (5 replicates) during the No Control and 
Manual Control experiment are presented in the table below, compared with the calculated cell 
concentration means from the absorbance measurements from the same day. 
Experiment Day 
Coulter counter 
(cell mL-1) 
Estimated (cell mL-1) 
550 nm 665 nm 750 nm 
No Control 1 0.160 106  (± 0.001 106) 0.125 106 (± 0.006 106) 0.029 106 (± 0.002 106 ) - 
Manual 22 1.091 106 (± 0.015 106) 1.681 106 (± 0.074 106) 1.943 106 (± 0.082 106) 2.745 106 (± 0.058 106) 
 
The equation using the absorption at 550 nm to estimate the cell concentration is closer to the 
measured cell concentration from the coulter counter than the other two, both for low cell 
concentration and high cell concentrations. 
Table 4 Cell concentrations for two samples during the No Control experiment and the Manual Control experiment, 
measured on a coulter counter and on the spectrophotometer, estimating the cell concentration from the equations 
found in the correlation experiment.   
Results 
50 
3.1.2. Light Model 
For estimating the mean irradiance level experienced by the microalgae culture, the mean of 
the irradiances measured at different locations on the PBR is calculated. Table 5 presents the mean 
irradiance data, measured in the matrix.  
 
 Inside PBR (µmole m-2 s-2) Outside PBR (µmole m-2 s-2) 
 Left Left Centre Right Centre Right Left Left Centre Right Centre Right 
Top 38.41 53.44 60.55 166.07 41.50 57.63 64.61 86.28 
Top Centre  147.53 91.58 98.91 169.60 133.30 89.10 88.83 102.33 
Centre 119.60 92.86 98.40 149.53 141.60 79.05 92.68 99.02 
Bottom Centre 177.10 97.62 101.00 108.40 160.17 97.02 93.09 77.71 
Bottom 165.13 56.53 57.33 55.56 136.30 57.17 51.29 46.91 
 
The acrylic material used in the PBR reduce the light intensity with 6.59 % and it is assumed 
that no light emits through the bindings between the tubes. 
The mean irradiance inside the PBR 105.3 µmole m-2 s-1 and the mean irradiance outside the 
PBR was 89.8 µmole m-2 s-1, the total average irradiance for the whole PBR is thus 97.6 µmole m-
2 s-1.   Using equation (13) the recommended cell concentration can be estimated, some calculations 
can be seen in Table 6 below.  
 
Cell Concentration (cell/mL) Irradiance (µmole m-2 s-1) 
0.5 106 61.0 
1 106 38.1 
1.5 106 23.8 
2 106 14.9 
 
The irradiance decreases with increasing cell concentration, and thus the set point must be 
chosen with this model in mind. 
The irradiance and temperature measured with the HOBO® Pendant Temperature/Light logger 
inside the PBR is a direct measure of the irradiance and temperature which the microalgae culture 
have been exposed to, the data for the experiments are presented below. The mean irradiance and 
mean temperature for each experiment is presented in Table 7 and the development of the 
irradiance can and temperature be seen on in Appendix III – Irradiance and Temperature. Notice 
Table 5 Irradiance means measured inside and outside the PBR in µmole m-2 s-2.  
Table 6 Cell Concentrations and the corresponding estimated irradiances experienced by the cells in the 
Photobioreactor. 
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that the irradiance is in the unit Lux, not used elsewhere in this thesis. The data is used to see to 
which degree the irradiance is varying. 
 
Experiment Mean Temperature (°C) Mean Irradiance (lux) 
No Control 17.5 (± 0.2) 5.0 (± 13.4) 
Manual Control 16.4 (± 0.3) 77.2 (± 60.3) 
Standard Dilution Control 17.6 (± 0.8) 9.1 (± 18.0) 
Proportional Integral Control 17.2 (± 0.3) 22.2 (± 22.7) 
 
3.1.3. Residence Time  
The average volume and time for each measurement was recorded, see the raw data and the 
calculated means in the table below. 
 
Sample 1 2 3 4 5 6 7 8 9 10 Mean 
Volume (L) 4 5 8 4 3 3 2 4 3.5 4 4.05 
Time (s) 13.01 24.51 28.82 8.43 17.61 50.9 28.41 16.36 20.5 20.01 22.9 
Flow Rate (L/s) 0.31 0.20 0.28 0.47 0.17 0.06 0.07 0.24 0.17 0.20 0.22 
 
The mean flow rate of 0.22 litres per second corresponds to approximately 784 litres per hour. 
The residence time in the total PBR, where calculated as follows: 
 
 PBR =
VPBR
F
 (20) 
 tank =
500 L
784
L
h
 (21) 
 tank = 0.638 h ≈ 38 min (22) 
 
It takes a cell approximately 38 minutes to go through the entire PBR. The residence time in 
the tank, where calculated as follows:  
 
 tank =
Vtank
F
 (23) 
 tank =
200 L
784
L
h
 (24) 
 tank = 0.255 h ≈ 15 min (25) 
 
Table 7 The mean temperature and irradiance with standard deviations from the HOBO® logger. 
Table 8 Raw data for calculating mean volume, time and flow rate for the PBR. 
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This means that in the 38 minutes it takes for a microalgae cell to go through the PBR, 15 
minutes is spend in the tank. The residence time in the tank make up 39.4 % of the residence time 
for the whole PBR. This means that every cell spend 39.4 % of the time in darkness. This 
corresponds to mimicking a photoperiod of approximately 15:9 hour in a light:dark cycle.  
3.1.4. Control Experiments 
No Control  
The No Control experiment was an experiment showing the microalgae growth in the PBR 
without controlling the cell concentration. The mean growth rate for the exponential phase was 
0.5 (± 0.24) day-1, the day-to-day growth is presented in Figure 22 below.  
 
 
 
There is a tendency that the growth rate decreases with time, though it seems to increase again 
late in the experiment period. 
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Figure 22 the day-to-day percent growth for every day in the experiment with no control. 
Figure 23 Cell concentration in million cells per mL with 95 % confidence intervals (n = 5) and pH development 
with 95 % confidence intervals (n = 8). Data from the No Control experiment. 
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After 5 days, the cell concentration exceeded 1 million cells per millilitre. The maximum 
percentage overshoot was 85.9 % and occurred after 9 days. 
R. salina cell concentration increased significantly with time (see Figure 23). The lag phase 
can be seen vaguely from day 1 to 2, where the growth rate was low. The exponential phase 
occurred from day 2 to day 6 where the growth rate increased and then decreased again.  The 
declining phase was reached after 9 days. The death phase was apparently reached after 12 days, 
but on day 15, the cell concentration started to increase again. 
The pH increased with cell concentration from 8.2 to 9.2 the first 6 days. Between the day 6 
and 15 the pH decreased almost to the initial value, after which it increased once more to 9.7 the 
20th experiment day (Figure 23). 
The nutrient analysis found a mean content of ammonia of 0.13 and 0.44 mg L-1 N for 
experiment day number 18 and 20 respectively, the means and standard deviations can be been 
seen in Table 9. 
 
Time 18 20 
Ammonia (mg L-1 NH4) 0.17 ( ± 0.13) 0.57 ( ± 0.25) 
Nitrite (mg L-1 N) >> >> 
Phosphate (mg L-1 PO4) >> >> 
 
The content of phosphate and nitrite was higher than the test could measure, the phosphate 
content is assumed to be higher than 4.0 mg L-1 PO4 and the nitrite content higher than 0.5 mg L-
1 N. 
Manual Control 
The Manual Control experiment shows how the PBR handles manual cell concentration 
control. The cell concentration is controlled by dilution the microalgae with seawater, the dilution 
rate is calculated from the microalgae growth rate and the total volume seawater used for diluting 
the microalgae is added to the PBR once per day.  
The mean growth rate during the Manual Control was 0.27 (± 0.12) day-1. The day-to-day 
growth rate is presented in Figure 24 below. 
Table 9 The inorganic nutrient contents found for the No Control experiment, the >> signs denote that the content 
found is higher that measurable that the equipment allows. 
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The set point was exceeded after 5 days. The maximum percentage overshoot was 95.5 % after 
6 days. The average number of cells harvested from this experiment was 1.21 1011 (± 0.55 1011) 
cells per day. The cell concentration increased significantly with time and because of daily dilution 
the cell concentration was supressed (Figure 25). 
 
Manual Control 
Cell Concentration 
 
pH Development 
 
 
The pH increased and decreased with cell concentration, from 8.3 the first day to briefly 
reaching 10.7 before dilution after 22 days. The following data shows the results from the pigment 
analysis done for this experiment, see Figure 26. 
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Figure 24 Day-to-day growth for the experiment with manual control. 
Figure 25 Cell concentration million cells per mL with 95 % confidence intervals (n = 5) and pH development in the 
Manual Control experiment. 
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Phycoerythrin Chlorophyll A 
  
Chlorophyll C 
 
Figure 26 Phycoerythrin, chlorophyll A and C content in 
pg per cell, with 95 % confidence intervals (n = 5). Data 
is from the Manual Control experiment. 
 
 
The phycoerythrin content increased after eight days, from approximately 0.4 pg per cell to 
around 2.6 pg per cell the mean phycoerythrin content per cell was 0.496 pg per cell (± 0.659).  
The data for phycoerythrin was not normally distributed for any days (Shapior-Wilk p-value ≤  
0.001) A non-parametric test was thus used to find that there was a difference of the phycoerythrin 
content between day 8 and all the other days (Kruskal-Wallis p-value = 0.000). The chlorophyll 
A content also increased around the steady state point to 4 pg per cell, but with prior fluctuations 
from 1-2.4 pg per cell. The mean chlorophyll A content was 1.989 pg per cell (± 0.735). There 
was a difference of the chlorophyll A content between day 8 and day 2, 3, 4, 5, 6 and 7 (Kruskal-
Wallis p-value = 0.000). The chlorophyll C content had a tendency to decrease and stay low 
between day 2 and day 6 and from then increase to 0.320 pg per cell (± 0.046), the mean content 
per cell was 0.159 (± 0.113).  There was a difference of the chlorophyll C content between day 
some of the days (Kruskal-Wallis p-value = 0.0002). 
The mean content of ammonium, phosphate and nitrite in the culture medium for the first, 
second and twelfth day can be seen on Figure 27.  
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 Ammonia Phosphate Nitrite  
 
   
 
 
For these days the mean ammonia content is increasing with time. The phosphate content was 
steady, day 4 is not included in the figure since the Palin test could not compute a value, because 
the content in the water was above 4.0 mg L-1 PO4. The nitrite content have a tendency to be 
increasing, the twelfth day is not included because the nitrite content this day exceeded the 
maximum value measurable by the Palin test, which is 0.5 mg L-1 N. 
The data for the observed EPA content was normally distributed (Kruskal-Wallis, p-value = 
0.915) and within each day, the variances was equal (Levene, p-value = 0.949). The data for 
observed ARA and DHA was not normally distributed (Kruskal-Wallis, p-value ≤ 0.030), thus 
nonparametric test where used for these. There was found a significant difference between the 
total content observed for the three fatty acids (Kruskal-Wallis, p-value = 0.000), as implied by 
the 95 % confidence intervals on Figure 28, there is a difference between all the fatty acids (Mann-
Whitney U Test, p-value = 0.000). The mean ARA was 5.61 mg FA g DW-1, the mean EPA was 
41.12 mg FA g DW-1 and the mean DHA was 22.43. 
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Figure 27 Inorganic nutrient content the culture medium for selected days in the Manual Control experiment, with 95 
% confidence intervals (n = 3). Ammonia content in mg NH per litre 3, Phosphate content in mg PO4per litre, Nitrite 
content in mg N per litre. 
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Mean Fatty Acid Content For Entire Experiment 
 
Fatty Acid Content Per Day 
 
DHA:EPA Ratio Per Day 
 
Figure 28 The mean fatty acid content in mg fatty acid 
per cell dry weight. Three representations are used in this 
figure: The mean fatty acid content for the entire 
experiment, the mean fatty acid content composition for 
each day and the DHA:EPA ratio for each day.  
 
The observed ARA content on day 22 differed significantly from day 18 and 20 (Kruskal-
Wallis, p-value = 0.007 and Mann-Whitney U Test, p-value = 0.009), a significant increase in the 
ARA content from day 20 to 22 was thus observed. There was no significant change in the EPA 
(T-test, p-value = 0.070) or DHA (Kruskal-Wallis, p-value = 0.003) content through the 
experiment period or the DHA content. The mean ARA content observed for the three days was 
4.47 (± 0.36), 5.05 (± 0.40) and 7.03 (± 1.06) mg FA g DW-1. The mean EPA content observed 
for the three days was 43.35 (± 3.10), 38.63 (± 3.94) and 41.38 (± 3.20) mg FA g DW-1. The mean 
DHA content observed for the three days was 27.32 (± 0.32), 21.17 (± 1.02) and 18.80 (± 1.27) 
mg FA g DW-1. 
The data for the observed DHA:EPA ratio was normally distributed (Shapiro-Wilk, p-value = 
0.277) and the variances for each day was equal (Levene’s test p-value = 0.237), the means for the 
ratio for each day where significantly different (ANOVA, p-value = 0.000), it is observed that the 
DHA:EPA ratio decreases during the experiment period from 0.63 (± 0.05) on day 18 to 0.46 (± 
1.27) on day 22. 
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Standard Dilution Control 
The SD Control experiment shows how the PBR handles the same control type as in the Manual 
Control experiment but with semi-automatic control. The dilution rate is calculated in the same 
way as in the Manual Control experiment, but the dilution rate is used for quantifying the volume 
seawater used for diluting the microalgae per hour. 
The growth rate was 0.60 (± 0.23) day-1 in the exponential phase, the growth rates for all days 
are presented in Figure 29.  
 
 
 
After 6 days the cell concentration surpassed the set point, and the maximum overshoot was 
11.7 % above the set point. The cell concentration increased with time until day 6 where dilution 
started, see Figure 30. 
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Figure 29 Day-to-day growth in the experiment with Standard Dilution control. 
Figure 30 Cell concentration in million cells per millilitre with 95 % confidence intervals (n = 5), and pH development 
with 95 % confidence intervals (n = 8) in the experiment with Standard Dilution control. 
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The average cell number harvested per day was 2.74 1010 (± 1.38 1010). The pH increased with 
cell concentration from 7 to 9.2 during the first 6 days, and when decreased to 8.4 in a linear trend 
the following 6 days. 
Proportional Integral Control 
The Proportional Integral Control shows how the PBR handles a control type from modern 
control theory. The Proportional Integral Control uses the difference between the set point and the 
measured cell concentration to find a suitable dilution rate. As in the SD Control experiment, the 
dilution rate is used for quantifying the volume seawater used for diluting the microalgae per hour. 
The growth rate found in the exponential phase for the PI control was 0.44 (± 0.07) day-1. The 
growth for every day can be seen in Figure 31. 
 
 
 
The set point was exceeded after three days and the maximum percent overshoot was 47.6 %, 
see Figure 32. The average harvested cell number per day was 1.53 1011 (± 1.51 1011).  
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Figure 31 Growth for every day for the experiment with PI control. 
Figure 32 Cell concentration in million cells per millilitre with 95 % confidence intervals (n = 5) and pH development 
with 95 % confidence intervals (n = 8) in the experiment with PI-control. 
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The pH generally increased during the experiment period, expect for two mayor drops after 3 
days and after 7 day, where the pH dropped from 9.1 to 8.7 and 9 to 8 respectively. Figure 33 
presents the pigment content for three days during the experiment. 
 
Phycoerythrin 
 
Chlorophyll A 
 
Chlorophyll C 
 
Figure 33 Phycoerythrin, chlorophyll A and C content 
in pg per cell, with 95 % confidence intervals (n = 3). 
Data is from the Proportional Integral Control 
experiment. 
 
 
 
The phycoerythrin content have high confidence intervals, and no clear tendency other than the 
mean seems to follow the same pattern as chlorophyll A with the lowest pigment content on day 
8. The total mean for phycoerythrin was 0.106 pg per cell (± 0.049), the mean chlorophyll A 
content was 1.773 pg per cell (± 0.438), the chlorophyll C content have a tendency to increase 
with time, but high confidence intervals prevent any conclusion. The mean chlorophyll C content 
was 0.074 pg per cell (± 0.031). The data for phycoerythrin content was normally distributed and 
with equal variances (Shapiro-Wilk p-value = 0.058 and Levene’s test p-value = 0.429), where 
was not found any significant difference between the pycerytrhin contents for the three days 
(ANOVA p-value = 0.282). The data for chlorophyll A content was normally distributed and with 
equal variances (Shapiro-Wilk p-value = 0.160 and Levene’s test p-value = 0.766), where was 
found significant difference between the chlorophyll A contents for the three days (ANOVA p-
value = 0.000) The difference was between all days (T-Test p-value ≤ 0.008). The data for 
chlorophyll C content was normally distributed and with equal variances (Shapiro-Wilk p-value = 
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0.460 and Levene’s test p-value ≥ 0.629), where was not found any significant difference between 
the chlorophyll C contents for the three days (ANOVA p-value = 0.527). 
The mean content of the inorganic nutrients ammonia, phosphate and nitrite is shown in Figure 
34 below. 
 
Ammonia Phosphate Nitrite  
   
 
    
 
The ammonia have a tendency to decrease with time, day 8 is omitted from the phosphate and 
nitrite bar chart because they each exceeded the concentration measurable for their individual Palin 
test, which is 4.0 mg L-1 PO4 and 0.5 mg L-1 N respectively.  
3.2. Comparative analysis 
In this section the following parameters: mean cell concentration, mean growth rate, harvest 
cell number per day, inorganic nutrient content in the culture medium and pigment content will be 
compared with each other for the three control types. All statistical tests are performed using 
MYSTAT 12. 
3.2.1. Mean Cell Concentration 
The mean and standard deviation for all cell concentration development over time is calculated 
and compared to see which were closer to the specific set point. The mean presented here is 
measured as the mean cell concentration from the first time the cell concentration exceeds the set 
point till the end of the experiment. This mean is a measure of how well the control system 
maintains the cell concentration at the set point. 
The mean and standard deviation for the No Control experiment was 1.80 million cells mL-1 
(± 0.32) for the Manual Control experiment the mean was 1.52 million cells mL-1 (± 0.19). The 
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Figure 34 The content of Ammonia (mg L-1 NH3), Phosphate (mg L-1 PO4) and Nitrite (mg L-1 N) in the culture 
medium for selected days in the Proportional Integral control experiment, with 95 % confidence intervals (n = 3). 
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mean from the SD Control experiment was 1.05 million cells mL-1 (± 0.06) and the Proportional 
Integral Control experiment had a mean of 1.04 million cells mL-1 (± 0.29), on Figure 35 the means 
can be seen graphically.  
 
 
All of the cell concentration data used for calculating mean and standard deviation from the 
three controller type experiments were normally distributed (Shapiro-Wilk, p-value ≥ 0.225) 
except the cell concentration measured in the Proportional Integral Control (Shapiro-Wilk, p-
value = 0.031). The means for each control experiment will thus be compared using non-
parametric methods.  
There was found significant difference between all the means (Mann-Whitney U Test, p-value 
≤ 0.001) except between the means from the SD Control experiment and the Proportional Integral 
experiment (Man-Whitney U Test, p-value = 0.315).  
3.2.2. Growth Rate  
The mean growth rate for the experiments is used for assessing if the PBR facilitates a habitat 
with good growth conditions for the microalgae and to see if the control types have an adverse 
effect on growth rate. The mean growth rate for The No Control experiment was 0.15 (± 0.23) per 
day, the growth rates for the control experiments, Manual, Standard Dilution and Proportional 
Integral Control was 0.27 (± 0.12), 0.32 (± 0.31) and 0.25 (± 0.31) respectively.  
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Figure 35 The Cell concentration means for the four experiments. The means are calculated using SYSTAT. The data 
used is from the first time the cell concentration exceeds the set point. 
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The growth rate data for the No Control experiment were not found to be normally distributed 
(Shapiro-Wilk p-value < 0.001), while the growth rate data for the Manual Control, SD Control 
and Proportional Integral Control experiments were all normally distributed (Shapiro-Wilk p-
value ≥ 0.079). Non parametric test was thus used to assess if there was a difference between the 
mean growth rates for the four experiments. There was not found any difference between growth 
rates for the four experiments (Kruskal-Wallis p-value > 0.05), the mean growth rate for each 
control type can be seen on Figure 36. 
3.2.3. Harvested Cells 
The average number of cells harvested per day for the different control experiments are a 
measure of how high a yield that can be expected from the PBR. The higher number of cells 
harvested per day, the more microalgae is produced. 
The mean harvested cell number per day the Manual Control experiment was 5.33 1010 (± 2.91 
1010) cells day-1, the growth rates for the SD Control and Proportional Integral Control was 3.28 
1010 (± 4.71 1010) cells day-1 and 1.27 1011 (± 6.17 1011) cells day-1 respectively.  
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Figure 36 Mean growth rates for the four control types with 95 % confidence intervals (n = 5). 
Figure 37 Mean harvested cells per day for three control types with 95 % confidence intervals (n = 5). 
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The number of harvested cells per day for the Manual Control and the SD Control experiment 
are not normally distributed (Shapiro-Wilk p-value ≤ 0.0003). There was found a statistical 
difference between at least two of the means of harvested cell number per day (Kruskal-Wallis p-
value = 0.000) but this difference was not to be identified between the control types (Mann 
Whitney U-Test p-value ≤ 0.0003). The mean harvest for each control type can be seen on Figure 
37.  
3.2.4. Inorganic Nutrient 
The inorganic nutrient content was measured for the No Control experiment, Manual Control 
experiment and the Proportional Integral Control experiment, the mean findings for each inorganic 
nutrient is compared to see if there were a test period where the inorganic nutrient content differed 
from each other. None of the data for the inorganic nutrient content for the No Control, Manual 
and PI-control was normally distributed (Shapiro-Wilk p-value < 0.050). There was not found any 
statistical difference between the ammonia content (Kruskal-Wallis p-value > 0.05), the phosphate 
content (Kruskal-Wallis p-value > 0.05) or the nitrite content in the three control types (Kruskal-
Wallis p-value > 0.05).  
3.2.5. Pigments 
The mean content of the pigments phycoerythrin, chlorophyll A and chlorophyll C was 
measured for the Manual Control and Proportional Integral Control. The pigment content is 
measured to asses if the microalgae have been in a suitable environment, according to irradiance. 
The pigment data from the Proportional Integral Control were all normally distributed 
(Shapiro-Wilk p-value ≥ 0.058) contrary to the data form the Manual Control, where none of the 
data were normally distributed (Shapiro-Wilk p-value < 0.05). There was no significant difference 
between the content of phycoerythrin, chlorophyll A or chlorophyll C (Kruskal-Wallis p-value ≥ 
0.41) between the Manual Control and Proportional Integral Control experiments. 
The pigment content was measured for the Manual control experiment and the Proportional 
Integral control experiment, the content of each pigment type is compared to assess if the 
microalgae developed more pigment from one experiment to another. 
3.3. Copepod microalgae Demand 
The aim in the COMA project is to produce 100 million copepods eggs daily. For copepods to 
reproduce, the need high-quality feed in adequate amounts. For estimating how much microalgae 
is necessary for fulfilling the goal, some parameters must be quantified. Cultured copepods 
produce 5 to 25 eggs per female per day. The maximal concentration of copepods in a culture is 
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2500 individuals per litre (see Table 10). The ratio between the two genders is approximately 1:1, 
which leaves the maximal concentration of female copepods to 1250 individuals per litre. Being 
conservative and assuming that each female produces 5 eggs every day, a culture of 2500 
individuals will produce 6250 eggs per litre per day. 
 
 Data Reference 
Carbon weight  Rhodomonas baltica 4.74E-11 gC cell-1 
(Berggreen et al. 1988; Støttrup 
& Jensen 1990) 
Carbon weight A. tonsa 0.000003 gC individual-1 (Berggreen et al. 1988)  
Specific ingestion rate A. tonsa 1.51 d-1 (Berggreen et al. 1988) 
Max density A. tonsa 2500 L-1 (Drillet et al. 2014) 
Egg production 5-25 Egg female-1 d-1 
(Drillet et al. 2006; Drillet et al. 
2008) 
Production goal 100,000,000 Egg d-1 (AgroTech 2015) 
 
The carbon weight of an A. tonsa individual is 3.0 10-6 grams. The specific ingestion rate for 
A. tonsa is known to be 1.51 % copepod body carbon weight per day. Multiplication of carbon 
weight and ingestion rate gives the carbon weight which one individual consumes per day. The 
carbon weight of a R. baltica cell is approximately 4.74 10-11 grams, dividing these numbers results 
in how many R. baltica cells one A. tonsa individual can ingest in one day. However a threshold 
number of R. baltica cells must be present for A. tonsa to initiate filtration, therefore a factor is 
added to the calculation, here the number 15,000 cell ml-1 is used, see equation (26) to (29). 
 
 I =
(3.0 ∗ 10−6
gC
ind ∗ 1.51
1
day)
4.74 ∗ 10−11
gC
cell
+ 15000  (26) 
 
 I = 1.11 ∗ 105
cell
ind ∗ day
 (27) 
 
Having a culture of 2500 individuals per litre, the microalgae demand per litre culture is 
 
 I = 1.11 ∗ 105
cell
ind ∗ day
∗ 2500
ind
L
 (28) 
 
 I = 2.775 ∗ 108
cell
L ∗ day
 (29) 
 
Table 10 Data conserning R. baltica and A. tonsa for calculating the microalgae demand for optimal egg production. 
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For every litre of copepod culture, 277.5 million microalgae cells must be produces every day 
to sustain egg production. For harvesting 100 million eggs daily, we need 16,000 litres of 
copepods. For feeding 16,000 litres of copepods, 4.440 1012 microalgae cells must be produced 
per day, this is 4440 billion cells. With a cell concentration on 1 million cells per mL, which is 1 
billion cells per litre, the harvest volume have to be at least 4440 litres every day, this produces 
approximately  4.4 1012 cells per day. 
Thus, according to the calculations, the COMA aim is realistic if several PBRs are able to 
produce 4440 billion cells per day. The lowest harvest mean obtained in this thesis was from the 
Standard Dilution Control experiment were the harvest mean was 3.28 1010 (± 4.71 1010) cells day-
1. This corresponds to 32.8 billion cells per day, thus with this finding, it will require approximately 
135 PBRs to produce 4440 billion cells per day.  
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4. Discussion 
This thesis studies how to cultivate the microalgae Rhodomonas salina as live feed for the 
copepod Acartia tonsa in a PBR. It focuses on implementing control systems for semi-automatic 
dilution of a microalgae culture, for maintaining a constant and optimal cell concentration 
according to growth. In four experiments the effect of cultivation R. salina in the PBR and the 
effect of controlling the cell concertation with different dilution techniques was investigated.  
The main findings from the experiments and the choices made when writing the control 
systems, and the recognised improvements which should have been made, are presented and 
discussed in this chapter. 
4.1. Microalgae Cultivation 
In the following sections, the findings concerning the microalgae and their cultivation are 
discussed. This includes the correlation experiment, the light model, the mean growth rates, the 
mean harvested cells, the fatty acid content, the pigment content and the nutrient availability. 
4.1.1. Correlation Experiment 
The correlation between the absorbance and cell concentration measured on a coulter counter 
was investigated and resulted in three linear regression lines, one for each wavelength used in the 
correlation experiment. The cell concentration was estimated by measuring the absorbance of the 
microalgae culture and converting this to cell concentration using one of the linear regression 
lines.  
The reason for using absorbance instead of directly measuring the cell concentration on a 
coulter counter is that a coulter counter is expensive and was not available on site. Furthermore, 
the coulter counter is slow in processing the cell concentration compared to the time it takes a 
spectrophotometer to process the absorbance. Furthermore, when the system is passed to a fully 
automatic control system, the cell concentration must be measured by a device which can be 
installed inside the photobioreactor. Designing and implementing a device counting the cells like 
a coulter counter is a long-termed goal for the microalgae production industry, compared to 
designing a transmission-meter measuring the absorbance of the culture medium. In the future, 
the absorbance in thus a favourable measurement, compared to the coulter count.  
A linear correlation was found for each of the three wavelengths: 550 nm, 665 nm and 750 nm. 
In this thesis, the linear regression line for the correlation between cell concentration and 
absorption at 550 nm was used. This was decided by recalibrating the linear regression lines during 
the No Control and the Manual Control experiment. The cell concentration was measured directly 
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on a coulter counter and compared with the calculated cell concentration for each linear regression 
line. The recalibration showed that the linear regression line for 550 nm was more accurate.  
Furthermore, the absorbance at 750 nm measures the general absorbance of the seawater, while 
the absorbance at 665 nm includes all living cells including bacteria. The wavelength of 550 nm 
hits an absorption peak for phycoerythrin, which only exist in red algae and cryptophytes.  
In the No Control experiment the uncertainties of using absorbance for estimating cell 
concentration was clarified; after nine days it seemed as if the death phase was reached for the 
microalgae, but the cell concentration started to rise after day 15. The increased absorbance 
measure was caused by a colour change in the microalgae culture, from the usual dark red to a 
garish green. Since the calculated cell concentration is based on an absorbance measured at 550 
nm the green colour increases the absorbance. 
An examination by Associate Professor Søren Laurentius Nielsen showed that the microalgae 
were not outcompeted by some green organism, it was simply green R. salina. It is speculated that 
the colour change was a zoospore responds from the microalgae, but this is not clear. 
The 95 % confidence intervals for both the cell concentration and the absorbance for all three 
wavelengths increased with increasing cell concentration this employs for choosing a low set 
point, as a high set point will introduce higher uncertainties when estimating the cell concentration.  
4.1.2. Light model 
The light model used in this thesis predicts, as expected, that the irradiance experienced by the 
microalgae decreases with increasing cell concentration. The cell concentration of 0.5 million cells 
per millilitres is predicted to expose the microalgae to an irradiance of 61.1 µmole m-2 s-1 and a 
cell concentration of 1 million cells per millilitres exposes the microalgae to 38.3 µmole m-2 s-1 
according to the model. 
 Vu et al. (2015) recommend to expose R. salina to irradiances between 60 and 100 µmole m-
2 s-1 for optimal growth. From this, and according to the light measurements and the light model, 
the set point should be set to 0.5 million cells mL-1. Results from the No Control experiment 
showed that 0.5 million cells mL-1 is close to the lag phase. According to the No Control 
experiment the cell concentration of 1 million cells mL-1 is in the exponential phase. 
Since the growth rate in the lag phase is low compared to the growth rate in the exponential 
phase, the set point is set to 1 million cells per millilitres for all experiments, except for the Manual 
Control experiment, where the set point was set to 1.5 million cells mL-1. The Manual Control 
experiment was conducted before the No Control experiment and thus the set point was different 
from the other control experiments. 
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A justification for setting the set point higher than optimal according to the light model, is that 
the measured irradiances used in the light model were measured under conservative conditions, 
mimicking the worst case scenario. Furthermore, the No Control experiment showed that the 
recommended cell concentration from the light model of 0.5 million cells mL-1 probably would 
keep the microalgae culture in the lag phase. Thus it was deemed safe to use the set point of 1 
million cells mL-1, for the following experiments.  
The irradiance measurements from within the PBR with the HOBO® Logger are not used to 
represent the irradiance inside the PBR because the recorded values are very varying both within 
the each data set and between the Control experiments. It was observed that the logger could get 
stuck in various places inside the PBR having very high or low readings for some time, affecting 
the irradiance mean. The mean temperature measurements are varying between 16.4 and 17.6 C, 
this temperature variation should not have any effect on the microalgae and the goal of achieving 
a constant temperature is deemed successful.    
From the residence time calculations, it is seen that the average cell spends 39.4 % of the time 
in the darkness of the tank corresponding to a photoperiod of approximately 15:9 hour light:dark. 
Lavens & Sorgeloos (1996) recommends having a photoperiod between 16:8 at minimum and 
24:0 at maximum. The photoperiod mimicking the given PBR is inside this range, but in the low 
end. This can be addressed by reducing the volume of the tank.  
 Chaloub et al. (2015) found no difference between the growth rate for Rhodomonas sp. grown 
under continuous light (24:0) and under a photoperiod of 12:12 hour light:dark cycle. Furthermore, 
Brand & Guillard (1981) found that several species of phytoplankton was inhibited of growth 
when grown under continuous light. 
This indicates that the photoperiod mimicked in this thesis did not have an adverse effect on 
the microalgae growth rate. 
4.1.3. Growth rate  
The mean growth rate for the No Control experiment was used for assessing if the PBR 
facilitated optimal growth conditions for the microalgae, feasible within this system. The mean 
growth rate for the other control experiments is used for assessing if the control types have an 
adverse effect on growth rate compared to the one found in the No Control experiment and 
between the different control types. 
 The mean growth rate for The No Control experiment was 0.15 (± 0.23) per day, the growth 
rates for the Manual Control, Standard Dilution Control and Proportional Integral Control 
experiments was 0.27 (± 0.12), 0.32 (± 0.31) and 0.25 (± 0.31) respectively. 
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The low mean growth rate for the No Control experiment is evidence of the declining cell 
concentration from day nine to day 15 in the death phase. There was not found any statistically 
difference between the growth rates for any of the experiments. This implies that the control types 
do not have an adverse effect on the microalgae grown in the PBR.  
The growth rates found in this thesis for R. salina is close to the growth rate found for the same 
species  by Vu et al. (2015); 0.2 per day. This growth rate is found at irradiances between 20 and 
40 µmole m-2 s-1 which is close to the predicted irradiance levels for the PBR in this thesis of 38.3 
µmole m-2 s-1. 
The pH values observed in this thesis was within the range of 8 to 10.5 for all experiments.  
Lavens & Sorgeloos (1996) recommends culturing microalgae at pH values between 7 to 9. In this 
thesis the pH was only above 9.5 for brief time periods. From this, it is reckoned that the pH have 
not had an adverse effect on the microalgae growth, but this can be examined by adding CO2 to 
the culture medium for maintaining a low pH . 
Vu et al. (2015) finds significantly higher growths rates in experiments with higher irradiances. 
This argues that the growth of the microalgae is limited by the irradiance in the PBR and that 
higher irradiance in this PBR can achieve higher growth rates. This can be addressed by replacing 
the current LED light sources with more powerful LED lights. The optimal irradiance predicted 
by Vu et al. (2015) is from 60 to 100 µmole m-2 s-1 for optimal growth. An irradiance within this 
range can be achieved by installing LED lights 2 times more powerful than the lights used in this 
thesis. 
4.1.4. Harvested cells  
The harvest rate is the average number of cells harvested per day. Harvesting microalgae cells 
from the PBR is the first step toward production of live feed for marine fish larvae, the higher 
production of microalgae the more feed is available for the copepods. Higher production of 
copepods means higher feed production for marine fish larvae. The harvest rate is, together with 
the harvested cell concentration, used as a measure of how much microalgae biomass the PBR 
could be expected to produce.  
The average number of cells harvested per day for the three control experiments was 5.18 1010 
(± 7.25 1010) cells per day for the Manual Control experiment, 2.27 1010 (± 4.66 1010) cells per day 
for the Standard Dilution Control experiment and 1.09 1011 (± 2.21 1011) for the Proportional 
Integral Control experiment. The high standard deviations showed that the cell harvest rate in these 
experiments was not steady, this makes sense since the dilution stops when the cell concentration 
is below the set point, thus the harvest rate can be high one day and zero the next. 
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The section describing copepod microalgae demand is used for estimating if the aim of the 
COMA project is realistic. According to the calculations in this thesis, even when using the 
smallest harvest rate found in this thesis, from the Standard Dilution Control, the calculations 
predict that 135 PBRs is required to produce 4440 billion cells per day. This is a high amount of 
PBRs, which will take up a lot of space, but this is assuming the lowest found harvest rate of 
approximately 32.8 billion cells per day, found in the Standard Dilution Control experiment. 
Furthermore, the copepod egg production of 5 eggs per female per day is quite conservative. 
4.1.5. Fatty acids 
The fatty acid contents found for the Manual Control experiment was used for assessing if the 
microalgae have been in an environment suited for cultivating quality food for copepods during 
the experiment period.  
There was found a significant difference between the total content observed for the three fatty 
acids. The mean ARA was 5.61 mg FA g DW-1, the mean EPA was 41.12 mg FA g DW-1 and the 
mean DHA was 22.43 mg DHA g DW-1. It was observed that the DHA:EPA ratio decreased during 
the experiment period from 0.63 on day 18 to 0.45 on day 22. The found DHA:EPA ratio are 
within the range reported in Vu et al. (2015) which was from 0.51 to 0.70 for irradiances of 120 
µmole m-2 s-1 and 40 µmole m-2 s-1 respectively. Even though the DHA:EPA ratio decreased with 
time it is concluded that the microalgae have in fact been able to maintain a production of fatty 
acids during the experiment period. This indicates that the harvested microalgae cells from this 
system can be used as a high quality food source for copepods. Further investigations on the effect 
of microalgae on copepods dieting on these microalgae is recommended. 
According to Vu et al. (2015) the total fatty acid content of the microalgae can be increased by 
cultivating the microalgae in nutrient deficiency. This might compromise the microalgae growth, 
and result in a low microalgae biomass production. Vu et al. (2015) recommends to give priority 
to the microalgae biomass production and culture microalgae in nutrient excess, which do not 
affect the content of polyunsaturated fatty acids. 
The essential polyunsaturated fatty acids, ARA, DHA and  EPA is important to bring further 
up the food chain in hatcheries, because copepods need them for egg production and fish larvae 
need them through their diet of copepods for growth and to become healthy food items for humans 
(Rasdi & Qin 2014). For now, it is recommended to keep biomass production high with high levels 
of irradiance and nutrients. 
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4.1.6. Pigments 
The pigment content of the microalgae cells was used to evaluate if the microalgae have been 
limited by light, either by photo-inhibition or lack of light. 
The mean phycoerythrin content found in this thesis ranged from 0.04 (± 0.07) to 2.56 (± 0.72) 
pg cell-1. This is low compared to what Chaloub et al. (2015) found; 12 to 14 pg cell-1 at irradiances 
of just 15 µmole m-2 s-1, and high temperature (26 C). Vu et al. (2015) found phycoerythrin 
content around 11.1 (± 5.5) pg cell-1 when nutrients were in excess. The Phycoerythrin content in 
cryptophytes tend to increase if the microalgae are exposed to high irradiances, the low content 
found in this study indicates, that the microalgae have not been exposed to too high irradiances.  
The mean Chlorophyll A in this thesis ranged from 0.03 (0.03) to 3.99 (± 0.09) pg cell-1. This 
is low compared to the chlorophyll content found in Vu et al. (2015) ranged from approximately 
0.4 to 6.7 pg cell-1 at irradiance 20 and 140 µmole m-2 s-1 respectively. According to the irradiance 
levels the chlorophyll A content found in this thesis should be in the middle of this range, the 
chlorophyll A content is low but still partly inside the range found in Vu et al. (2015). This was 
also the case for the chlorophyll C content; the mean Chlorophyll C content was overlapping the 
content found in Vu et al. (2015). The chlorophyll C content found in this thesis ranged from 0.05 
(± 0.02) to 0.57 (± 0.44) pg cell-1 whereas the recorded chlorophyll C content by Vu et al. (2015) 
is not clearly stated in the article, but estimating from the graphical representation of the data, the 
chlorophyll C content range from 0.3 to 0.5 pg cell-1. Acknowledging that the chlorophyll A and 
C content found in this thesis is low compared to (Vu et al. 2015), this could be an indication of 
two factors; high irradiance and/or inorganic nutrient depletion. 
The chlorophyll A and C pigment will in general decrease with increasing irradiances for R. 
salina (Hu & Richmond 2013)  this indicates that the microalgae culture have not been limited by 
too low irradiance, which is unexpected when consulting the light model and the findings from 
(Vu et al. 2015). An experiment examining the microalgae responds to more powerful light 
sources is recommended, it is expected that the microalgae content of chlorophyll A and C 
pigments will decrease even more and, assuming the microalgae are not photo-inhibited in this 
way, that the growth rate will increase. 
The other possible reason of observing low pigment content in the cryptophyte is nutrient 
availability. In general, microalgae cells respond to nutrient deficiency by decreasing pigment 
content (Hu & Richmond 2013). This dynamic have been observed for several Cryptophyte 
species, among Cryptomonas rufecens, Cryptomonas maculate and Pyrenomonas salina (Lichtlé 
1980; Rhiel et al. 1985; Lewitus & Caron 1990). The fact that Chlorophyll A and C content is low, 
is an indication of low nutrient availability. 
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There have been no direct indication of nutrient depletion in the PBR since no statistical 
difference was found between the ammonia content, the phosphate content or the nitrite content 
between the days within the experiment periods. This implies that the inorganic nutrient content 
is kept constant throughout the experiment periods, hence, the microalgae have not been depleting 
the resource. Neither was there found any significant difference of the content of inorganic 
nutrients in the culture water between the control experiments, this implies that the control type, 
and thus the dilution strategy, do not affect the inorganic nutrient content in the culture medium 
in the given PBR. 
In summation, there is no indication of inorganic nutrient depletion the in experiments, other 
than the low chlorophyll A and C content observed. This can be further studied by examining the 
pigment content for microalgae cultured in the PBR after receiving higher amounts of nutrients.  
4.2. Control Systems 
In the following sections, the findings concerning the implemented control systems and 
realised improvements are discussed. The two control systems have some similarities and some 
essential differences. 
These sections include discussions about the PBR volume, the manipulating range of the 
actuator, uncertainties of the hardware, the linear regression line, the overshoot and dilution 
timing, the mean cell concentration, the time cycle interval and the controller gain tuning. 
4.2.1. Total Volume 
The control systems written in this thesis are both strongly dependent on the value of the PBR 
water volume which is hardcoded into the programs. The total water volume was used for 
calculating the total volume of water to be renewed when diluting and thus the dilution rate. 
If the total water volume is changed and not corrected directly in the code, all dilution 
calculations will be incorrect. If one of the control systems is implemented on a PBR with a lower 
total volume, the calculation for water to be renewed will be too high according to the actual total 
volume causing a depletion of the microalgae culture. If the control systems are implemented on 
a PBR with a higher total volume the microalgae culture will not be diluted sufficiently and the 
microalgae concentration might grow beyond the set point and reach the, declining or the 
stationary phase and in time the death phase. This is a weakness in the systems and in the future 
is should be easily changeable by any user by means of a suitable user interface. 
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4.2.2. Manipulating Range 
The manipulating range for the given peristaltic pump is also hardcoded into the control system 
codes. If the pump is replaced by one with a different input range, this have to be changed in the 
code, or a runtime error will occur and the program will not be able to run at all. It might not be 
advisable to make the manipulating range easily changeable by any user, since it can crash the 
program, but the range should be displayed in a read-only manner. This makes it easy for the user 
to verify that the pump and the program is working in the same range. 
4.2.3. Hardware Uncertainties 
In this thesis it was assumed that the water flow rate of the physical peristaltic pump was 
directly linear with the output command value from the control system codes, this is hardly the 
case. In this context the integrated uncertainties when going from software to hardware do not 
seem to matter. The PBR is a system where large quantities of water is controlled and the small 
uncertainties in the pump have no influence on the results. From this it is deemed acceptable to 
assume a linear relationship between the controller output and the dilution rate. 
4.2.4. Linear Regression Line 
In both of the control systems’ code, the absorbance input is converted to an estimated cell 
concentration using the equation from the linear regression if the recorded absorbance is larger 
than 0.00436. For absorbance below this value, the cell concentration estimated with said equation 
would result in a concentration less than zero. Since negative cell concentrations is not tolerated, 
the absorbance is converted using the same regression line, only with and y-axis intercept at zero 
instead of the original -1.858 104. The regression in thus forced through zero and even very low 
absorbance measurements will be converted to positive cell concentrations. This is only a problem 
for low cell concentrations and it is not deemed highly relevant to address this dynamic further 
since the PBR preferably should operate in higher cell concentrations. 
4.2.5. Overshoot and Dilution Timing 
The overshoot is a percent measure of how much the maximum process value differs from the 
set point. The overshoot must be as small as possible. If the microalgae concentration is 
overshooting too much the microalgae can enter the declining growth phase where the growth rate 
decreases and the microalgae loses their quality as food items for copepods. Furthermore, the 
microalgae culture might enter the death phase and dead cells will accumulate in the PBR. 
The overshoot for the No Control experiment was 85.9 %, since the microalgae is never diluted 
in this experiment the high overshoot was expected. The Manual Control experiment had an 
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overshoot of 30.4 %. This is high compared to the Standard Dilution Control experiment overshoot 
of 11.7 %. The Proportional Integral Control experiment overshot by 47.6 %.  
The difference between the overshoots in the Manual Control, the Standard Dilution Control 
and the Proportional Integral Control experiment is reasoned by the timing of the first dilution.  
Both control systems starts diluting when the estimated cell concentration is above the set point, 
which makes timing of the cell concentration measurements very important. The culture can 
overshoot if the last measurement was just below the set point and 24 hours goes by without any 
dilution. 
 In the Manual Control experiment the first dilution occurred on day 6 where the cell 
concentration was 1.96 million cell per millilitre, the day before the cell concentration had not 
quite exceeded the set point and thus the dilution did not begin until the day after, giving the 
microalgae culture time to grow way beyond the set point. The same happened in the Proportional 
Integral Control experiment, where the cell concentration was just below the set point at day two, 
thus no dilution happened before day 3 where the cell concentration had exceeded the set point 
considerably.  In the Standard Dilution Control experiment the dilution started on day 6, where 
the cell concentration was 1.04 million cells per millilitre, just beyond the set point, giving the 
microalgae culture no chance for overshooting at this time. 
This is not optimal for this system, in the future the control systems must be predicting the cell 
concentration for the next time step, and dilute according to this measure.  
The problem can be approached for the Standard Dilution Control system by using the 
predicted cell concentration according to the growth rate as a measure for dilution, thus if the 
predicted cell concentration is above the set point the dilution would start before this happened 
and overshoot would most likely be avoided. 
The problem can be addressed for the Proportional Integral Control system either by including 
the Derivative component together with sufficient gain tuning. The Derivative component should 
be able to predict if the cell concentration measured next will exceed the set point and the dilution 
rate will be set accordingly. 
4.2.6. Mean Cell Concentration 
The standard deviation around the set point for each experiment is a measure of how the control 
system handles when the cell concentration is near the set point. The mean and standard deviation 
is calculated after the cell concentration has exceeded the set point for the first time. 
The mean and standard deviation for the No Control experiment was 1.80 million cells per 
millilitre and 0.32 million respectively. The No Control experiment had a high mean because there 
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was no dilution in the experiment and the relatively low standard deviation is evidence of slow 
changes in the cell concentration in general for this system. The slow nature of the system cause 
to assign a lower priority to effectiveness, since the system process is not a bottleneck and since 
there is no large computations or data retrieving. 
In the Manual Control experiment the mean was 1.52 million cells per millilitre with a standard 
deviation of 0.19 million. This mean is close to the set point of 1.50 million cells per millilitre. 
This standard deviation is low compared to the standard deviation for the No Control experiment. 
This implies that the Manual Control do not have an adverse effect on keeping the cell 
concentration constant. 
The mean and standard deviation for the Standard Dilution Control was 1.05 million cells per 
millilitre with a standard deviation of 0.06 million. The mean is close to the set point of 1 million 
cells per millilitre, the low standard deviation compared to the Manual Control experiment was 
properly because of an improved dilution method. In the Standard Dilution Control experiment 
the total dilution volume was gradually added over 24 hours conversely to the experiment with 
Manual Control where the total dilution volume was added within 15 minutes every day, which 
evidently results in higher variances from the set point. 
For the Proportional Integral Control experiment the mean was 1.04 million cells per millilitre 
and the standard deviation was 0.29 million. The mean is close to the set point of 1 million cells 
per millilitre, but the relative high standard deviation might be an indication of the a curious 
dynamic caused by the Integral component at the end of the Proportional Integral Control 
experiment period; In the Proportional Integral Control experiment the first dilution happen on 
day 3, where the cell concentration had exceeded the set point. Later, there was seen a similar 
overshoot at day 12, where only a low dilution was carried to 13 where the cell concentration still 
overshot the set point substantially. The maximum percent overshoot in the Proportional Integral 
Control experiment occurred on day 12 where the cell concentration had been below the set point 
for four straight days. When the cell concentration have been below the set point for some time, 
the accumulated error that is the Integral Component adds a delay in diluting the high cell 
concentrations. 
This happens by the Integral component increasing the output. When the controller output is 
large the dilution rate is small. This is good when the cell concentration is below the set point 
because the output increase makes the dilution rate decrease. Which gives the microalgae a chance 
to grow near the set point. When the set point is exceeded the Integral component decreases which 
is reducing the controller output which in turn results in increasing dilution rate.  
Discussion 
77 
The integral component is increasing from day 8 to 11 where the cell concentration is below 
the set point. The dilution rate which follows the output is thus very low at this point, and when 
the microalgae then exceeds the set point suddenly with 47.6 % on day 12, it takes some time for 
the output to increase to a point where the dilution have an impact on the microalgae cell 
concentration. This is why the dilution rate is reduced on day 13 and the cell concentration stays 
high. 
This is not useful for this system. The dilution rate should stay the same as previously when 
the cell concentration is near the set point and not change with time in this manner. 
There was found significant difference between all the cell concentration means except 
between the two cell concentration means from the Standard Dilution Control experiment and the 
Proportional Integral experiment. This indicates that the means from the two semi-automatic 
control experiments are not statistically different and both close to the set point. This indicates that 
they both are well suited for keeping the cell concentration near the set point. 
However, like the Proportional Integral Control system, the Standard Dilution Control system 
had issues handling when the process value was equal to the set point. The Standard Dilution 
Control system did not change the dilution rate if the same measurement was repeated, which is 
correct according to the theory. Yet, small changes in the cell concentration can cause the dilution 
rate to decrease or increase which will change the dilution rate and kick it out of balance with the 
actual growth rate. As a consequence, with this approach, the cell concentration will most likely 
oscillate around the set point constantly. This can be addressed by having an acceptable range 
around the set point in which the program would ignore cell concentration changes. This is also 
recommended for the Proportional Integral Control system. 
4.2.7. Program Time Interval 
The maximum cycle interval allowed by PC WROX is 30 minutes intervals, the Proportional 
Integral Control program updates the controller output at every cycle and the time steps between 
measurements was therefore included when calculating the output. This have severe consequences 
for the control system. 
If the estimated cell concentration is above the set point, dilution is generally started, as such, 
this is expected and required. When the program goes on, the time steps until a new measurement 
records the same cell concentration and thus informs the control system that nothing have changed 
in spite of the dilution. The Integral component of the Proportional Integral Control remembers 
the errors recorded, which is increasing since the error do not decrease. This makes the dilution 
rate increase until a new measurement is registered. An improvement of this would be to 
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implement a conditional statement, making sure that the Integral component is only updated when 
a new measurement have been registered, this was implemented in the Standard Dilution Control 
program. As a consequence the variable for time between measurements would have to be updated 
with a time tracker, to calculate the exact time since the last measurement. 
In a fully automatic version of this control system, a sensor would be measuring the culture 
absorbance constantly and the version used in Proportional Integral Control experiment with 
regard to this issue would be satisfactory. 
4.2.8. Tuning Controller Gains 
The Proportional Integral Control system is very dependent on the gains, and the gains in this 
thesis is determined on the basis of a simple simulation in excel. If a more advanced simulation 
was used, maybe the gains could be adjusted for truly optimising the control system. The 
simulation would require to take the microalgae population dynamics specific for the given PBR 
into account but this would not be problematic this is accounted for in this thesis. More studies 
regarding this is needed for implementing an optimal tuned Proportional Integral controller on the 
PBR. 
4.3. The Photobioreactor 
There is indication of light limitations in the PBR and this is approachable by installing more 
powerful lights on the PBR, this might increase the general growth rate and thereby increase 
biomass productivity.  This will in turn increase the harvest rate which is the first step toward large 
scale production of the microalgae as live feed for copepods. Higher biomass production of 
microalgae means more feed for copepods and thus more copepods can be produced. The quality 
of the microalgae cultured in the PBR as live feed for copepods is in general high and can be 
recommended for feeding copepods, but there is need for more investigation on this due to the 
decreasing DHA:EPA ratio seen in the experiment. With this in mind, the PBR can be an excellent 
facility for cultivating the microalgae Rhodomonas salina. 
4.4. Control System 
Even though the two control systems are very different in dilution strategy, the mean cell 
concentration after the first dilution is statistically equal, the cell harvested per day was 
significantly higher for the Proportional Integral Control than for the Standard Dilution Control. 
This is a strong argument for further investigating the Proportional Integral Control as control 
system for the PBR. The issues discussed in this section must be taken into account for this control 
type to be announced the better control system for the given PBR. 
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4.5. Copepod egg Mass production in Aquaculture 
It is concluded that setting up a facility driving 135 of the PBRs used in this thesis is a huge 
challenge, but since the copepod microalgae demand is a conservative estimate, it is concluded 
that if the recommendations according to improving the PBR and the control system are followed, 
the COMA aim is in fact realistic.  
Producing 100 million copepod egg per day will approach a solution for the marine fish 
cultivation bottleneck seen today. If the marine fish production sector is improved and marine fish 
can be cultivated in a sustainable manner, the world is aiming at a huge expansion of the food 
sector from aquaculture production. This is a step towards large-scale production of nutritious and 
sustainable food used for feeding the world population. 
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5. Conclusion 
The findings in this thesis indicate that the given PBR is an acceptable facility for cultivating 
the microalgae Rhodomonas salina as live feed for copepods, and can be improved by the 
recommended experiments proposed in the discussion. At this time, some dynamics of the 
Proportional Integral Control system is not optimised and therefore the Standard Dilution Control 
system must be concluded best suited for diluting the microalgae culture in the photobioreactor. 
Further investigations are needed before the full potential of a Proportional Integral Controller can 
be exploited for the given photobioreactor. By simulation and population dynamic modelling this 
should be possible.  
It is concluded that if the recommendations according to PBR improvements and control 
system investigation are fulfilled the COMA aim is in fact realistic and large-scale microalgae 
production is possible within a resendable time scale. 
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f/2 medium* (Guillard and Ryther 1963)  
Updated April 2007  
  
FOUR STOCK SOLUTIONS (1-4)  
OBS! For all solutions, use sterilized distilled deionized water!    
                                                                 For 1L          For 0.5L  
1. NaNO3 stock solution NaNO3   75.0 g   37.5 g  
2. NaH2PO4 stock solution    
3. Trace Metals stock solution  
To distilled water add the following:  
NaH2PO4  5.0 g    2.5 g  
                                                             For 1L              For 0.5L  
Na2EDTA        4.36 g       2.18 g  
FeCl3•6H2O  (Ferric Chloride)  3.15 g       1.575 g  
Primary Metals Stocks (below)            1ml of each of the five   0.5ml of each of 
five  
  
Primary Trace Metals stock solutions (make up five separate stocks)  
To the chosen volume of sterile distilled deionized water add the following:   
            100ml   50ml    10ml  
 CuSO4•5H2O        1.0 g      0.50 g   0.10 g  
 ZnSO4•7H2O        2.2 g    1.10 g   0.22 g  
 CoCl2•6H2O        1.0 g    0.50 g   0.10 g  
 MnCl2•4H2O        1.8 g    0.90 g   0.18 g  
 NaMoO4•2H2O       0.63 g            0.315g   
4. Vitamin Stock solution  
Light sensitive – keep covered in foil!  
0.063 g  
 For 1.0 L                     For 
0.5L  
Biotin     10.0 mL of 0.1 mg•mL-1 solution (1mg in 10ml)   5.0 mL  
Vitamin B12    1.0 mL of 1.0 mg•mL-1 solution (1mg in 1ml)             0.5 mL  
Thiamine HCl   0.2g                                   0.1 g  
  
Lastly: Making Final Medium  
To 950 mL of 0.22 μM filtered seawater (FSW) add:  
                           To make 100 tubes:  
NaNO3 Stock solution     1.0 mL     100 ml  
NaH2PO4 Stock Solution    1.0 mL     100 ml  
Trace Metals Stock Solution    1.0 mL     100 ml  
Vitamin Stock Solution     0.5 mL         50 ml  
  
Filter sterilize at 0.22 μM before use and store at 4° C. * Si has been removed from this recipe to reduce 
the growth of contaminating diatoms.  
Tip: Make up a larger batch, just multiply each stock by how many tubes you want to set up. For 
example, for 100 tubes of 3.5ml total of f/2 final medium stock, add 100ml of each of the first three stocks 
and 50 ml of the Vitamin stock. That gives a total of 350 ml, which gives 100 15ml falcon tubes of 3.5 ml 
each of f/2 final medium stock, each of which is ready to make up one each of 1.0L working f/2 media (one 
tube of 3.5 ml plus 950ml of filtered seawater. (Guillard & Ryther 2007). 
  
Appendix II – Excel Model 
II 
8. Appendix II – Excel Model 
 D
a
y
C
C
M
e
a
su
re
d
C
C
 e
x
p
fr
o
m
 µ
C
C
 d
iu
ti
o
n
N
o
 g
ro
w
th
S
e
tp
o
in
t
(C
e
ll
s/
m
L
)
E
rr
o
r
K
p
K
i
K
d
P
ro
p
o
rt
io
n
a
l
In
te
g
ra
l
D
e
ri
va
ti
ve
O
u
tp
u
t
T
a
n
k
V
o
lu
m
e
µ
D
il
u
ti
o
n
 µ
(L
/d
a
y
)
D
il
u
ti
o
n
 b
y
C
C
 (
L
/d
a
y
)
D
il
u
ti
o
n
 
(L
/h
)
0
1
2
4
7
2
4
1
0
0
0
0
0
0
.0
8
7
5
2
7
6
.0
2
.4
0
0
0
.0
0
0
0
.0
0
0
8
7
5
2
7
6
.0
8
7
5
2
7
6
.0
2
1
0
0
6
6
2
.4
5
0
0
0
.5
0
0
0
.0
0
-5
5
0
.3
3
-2
2
.9
1
3
4
2
9
1
4
1
2
4
7
2
4
-1
3
7
2
7
9
1
0
0
0
0
0
0
.0
6
5
7
0
8
5
.9
0
.0
1
5
3
2
3
6
1
.9
1
5
7
7
0
0
6
.1
-2
8
8
.5
0
-1
2
.0
2
7
6
3
2
3
3
5
6
5
3
7
0
-1
9
7
8
6
4
1
0
0
0
0
0
0
.0
2
3
6
7
6
6
.6
2
3
6
7
6
6
.6
1
7
6
9
1
2
8
.5
5
6
8
2
3
9
.9
2
1
5
.8
8
9
.0
3
9
2
8
8
2
5
1
2
5
8
3
5
9
3
2
9
5
3
4
1
0
0
0
0
0
0
.0
7
1
1
7
4
.6
7
1
1
7
4
.6
1
8
4
0
3
0
3
.1
1
7
0
8
1
9
.1
4
1
4
.5
9
1
7
.3
4
7
6
1
2
1
0
1
5
3
1
3
7
4
7
7
0
1
6
4
1
0
0
0
0
0
0
.0
2
3
8
7
9
0
.1
2
3
8
7
9
0
.1
2
0
7
9
0
9
3
.3
5
7
3
0
9
6
.3
2
1
3
.4
5
8
.9
5
9
3
0
0
6
0
1
2
5
5
0
2
3
3
2
4
9
6
3
1
0
0
0
0
0
0
.0
6
9
9
4
0
.4
6
9
9
4
0
.4
2
1
4
9
0
3
3
.6
1
6
7
8
5
7
.0
4
1
6
.0
7
1
7
.3
6
7
5
9
4
6
6
1
5
3
3
4
0
9
7
7
3
9
4
3
1
0
0
0
0
0
0
.0
2
4
0
5
3
3
.6
2
4
0
5
3
3
.6
2
3
8
9
5
6
7
.2
5
7
7
2
8
0
.6
2
1
1
.3
6
8
.8
7
9
3
1
1
0
7
1
2
5
2
1
4
8
3
2
1
0
4
1
1
0
0
0
0
0
0
.0
6
8
8
9
2
.8
6
8
8
9
2
.8
2
4
5
8
4
6
0
.0
1
6
5
3
4
2
.6
4
1
7
.3
3
1
7
.4
8
7
5
7
9
8
1
1
5
3
5
1
3
6
7
7
7
1
5
6
1
0
0
0
0
0
0
.0
2
4
2
0
1
9
.2
2
4
2
0
1
9
.2
2
7
0
0
4
7
9
.2
5
8
0
8
4
6
.1
2
0
9
.5
8
8
.7
9
9
3
1
9
8
8
1
2
4
9
6
9
9
3
1
7
7
1
1
1
0
0
0
0
0
0
.0
6
8
0
1
1
.5
6
8
0
1
1
.5
2
7
6
8
4
9
0
.7
1
6
3
2
2
7
.7
4
1
8
.3
9
1
7
.4
1
0
7
5
6
7
2
7
1
5
3
6
5
8
9
7
7
9
8
6
2
1
0
0
0
0
0
0
.0
2
4
3
2
7
2
.9
2
4
3
2
7
2
.9
3
0
1
1
7
6
3
.7
5
8
3
8
5
5
.0
2
0
8
.0
7
8
.7
Appendix III – Irradiance and Temperature 
III 
9. Appendix III – Irradiance and Temperature  
No Control 
 
Manual Control 
 
Standard Dilution Control 
 
Proportional Integral Control 
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